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[IpormosupoBanme KUBOrO Beca MOMOTAeT KOHTPOJHUPOBATH 3/I0POBbE YKUBOTHBIX, 3M(MEKTUBHO MPOBOIUTH
TEHETHYECKYIO CEJIEKITUIO U ONPEIe/IATh ONTUMaIbHOEe BpeMs y6osi. Ha KpymHBIX dhepMax 1y n3MepeHust JKUBOTO
Beca WCIOJIB3YIOTCSI TOYHBbIE U JIOPOTOCTOSIIIUE TTPOMBIIIIEHHBIE BEChl. B3BelnBaHne >KUBOTHOTO M3-3a CTPECCA
BEJIET K TIOTEPE €70 Beca n npoayKTusHocTh Ha 5—10%. O1HAKO, TIePCIEKTUBHON AJIbTEPHATHUBON SIBJISIETCS OIIEHKA,
2KWBOTO BECA C TIOMOIIHI0 MOPGMOMETPUIECKUX N3MEPEHUIT JKUBOTHOTO, & 3aTeM IIPUMEHEHNE YPABHEHHI perpeccun,
CBSI3BIBAOIINX TAKUE U3MEPEHUsI C JKUBBIM BeCOM. PyUuHble M3MepeHsT 2KHBOTHBIX C TTOMOIIBIO PYJTETKH OTHUMAIOT
MHOI'O BPEMEHHU U BBI3BIBAIOT CTPECC Yy »KUBOTHBIX. 1[l0aTOMY B HacTositiee BpeMs 111 OECKOHTAKTHBIX MOpdomeT-
PUYECKUX M3MEPEHU BCe 9alle MCIOJb3YIOTCS TEXHOJOTHH KOMITBIOTEPHOTO 3peHusi. B crarhe mpesjaraercss HO-
Basi MOJIEJTb JIjIsl IIPOTHO3UPOBAHMUS YKUBOT'O Beca Ha OCHOBE perpeccur n300parKeHuil ¢ UCIO/Ib30BAHNEM METOJIOB
riy6okoro obyuenusi. [Ijisi perpeccun nzobparkeHuii ucnosb3oBaianch RGB n306pazkeHnst U KapThl TIyOUHBI BUJT
cOOKY [1JIsI TPOTHO3MPOBAHUS KUBOTO Beca KPYITHOIO POoraToro ckora. [lokasamo, ¥To Ha peaabHBIX HAOOpaX JaH-
HBIX IIPE/IJIOYKEHHAS MOJIEJb JOCTUTaeT TOYHOCTH N3MepeHns Beca ¢ ommbkoit MAE 35.5 n MAPE 8.4 ma TecTroBOM
Habope JaHHBIX.

Karoueswie crosa: pezpeccusn uzobpastcerutl, npoeHO3UPOSAHUE HCUBO20 8eca, 2aybokoe obyueHue.

OBPAS3EII INTUPOBAHNA

Pyuaait A.H. Mozeib mporHo3npoBaHmst JKIBOTO Beca ¢ MMOMOIIbIO TiTyboKoil perpeccun RGB-
D usobpaxkennii // Becrauxk FOYpI'Y. Cepusi: Borunciurenbhast MmaremMaTnka u nH(GOpMaTHKA.
2023. T. 12, Ne 1. C. 5-27. DOI: 10.14529/cmse230101.

BBenenue

B Hacrosiiee BpeMsi CyIIecTBYeT JBa OCHOBHBIX IIOIX0a K N3MEPEHUIO Beca TeJla : HCIIOJIb-
30BaHUe [IPOMBIIILIEHHBIX BECOB U KOCBEHHBIE METO/IbI, OCHOBAHHBIE HA B3aUMOCBSI3M MEXKIY MOP-
dosornuecKuMy pasMepaMu TeJjia U BeCOM Teja. PydHoe n3MepeHne pasMepoB Tejla YKHUBOTHBIX
3aHIMaeT MHOTO BPEMEHU, OHO TPYI0EMKO W moporo. OTMeTnM, 9TO B3BEIINBAHUE >KUBOTHOTO
n3-3a CTpecca BeJIeT K ImoTepe ero seca u npogaykrusnoctu Ha 5-10%. Kpome Toro, 3o crpece kak
IJ1sT pabOTHNKA, TaK U IS YKUBOTHOTO. B HacTostee BpeMst ObL1a paspaborana 6€CKOHTaKTHAST
oIleHKa MOPPOMETPUIECKIX PA3MEPOB C ITOMOIIBI0 HEJOPOTNX JATIYNKOB U METOI0B MAITIMHHOTO
3peHunudg . MCHOHI}BOB&HI/IG 66CKOHT&KTHOI71 TEXHOJIOI'NN CyH_[eCTBeHHO COKpallaeT BO3MO2KHbIE
BPEMEHHbIE 3aTPaThl HA IIPOBEJICHUE PYIHON U CyOBEKTUBHONW OOHUTUPOBKU [IJIsl IIPEICKABAHUST
2KHUBOT'O BeCa CKOTa, UCKJII0OIaeT HeO6XO,ZLI/IMbIe KOHTaKTHBIC U3MEPpeHU A JIMHETHBIX IIpoOMEPOB NJIN

IIPAMOIo B3BeHIUBaHUA CKOTa C IIOMOIIIBIO BECOB.

2023, 1. 12, Ne 1 5
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ITporuosupoBanme >KUBOTO Beca ¢ MoMomibio riaybokoit perpeccun RGB-D un3o6pakenwnii

N3zmepenust pazmepoB TeJia 00BITHO UCIOJIB3YIOTCS JIJIsi IIPOTHO3UPOBAHUS KUBOTO BECa YKU-
BOTHBIX . [Ipu sTOM Jj15 TOYHOrO TPOTHO3UPOBAHUS YKUBOI'O Beca MOXKHO HCIOJIB30BaTh
U3MEPEHUs Pa3MEPOB Tejla BMECTE ¢ JPYTIUMHU (haKTOPaMU, XapaKTepU3yIOIUMU >KUBOTHOE: BO3-
pACT, 1I0JI, OIEHKA COCTOSHUSA TeJia, PEHOTHUI, 00beM TeJsa, IO b Tejla u T.j1. B 6osbimuHcTBe
[IOCJIEIHUX UCCJIEI0BAHUMN JJIsi TPOTHO3UPOBAHUS YKUBOT'O BECA KUBOTHBIX MUCIOJIH30BAJICH MHO-
JKECTBEHHBII JIMHEHHBI perpeccuoHubiii anaamns. OQHAKO, 3T TPaJIUIMOHHLIE METOIbl HeaIeK-
BATHBI JIJIT TOYHOTO ITPOTHO3UPOBAHUS . HemnaBuo Hecko/bKO mcciieoBaTesieil yCIemrHo mpu-
MEHUJIU Pa3JINYIHbIE aJTOPUTMbI MAITUHHOTO O0YIeHUSI JJIsi IIPOrHO3UPOBAHUS KUBOTO BECa C MUC-
[IOJIb30BaHuEM MOPQOIOTTIECKUX TOKA3ATE e XKITBOTHBIX . Jlamabie MeTO/IbI HAIIPABJICHBI
Ha OIpejleJIeHNe Beca Tejia 110 MOP(MOJIOTMIECKUM TTOKA3ATESIM KUBOTHBIX. DTHU UCCJIEI0OBAHUS
IOKa3aJI1 MOTEHIINAJ AJIOPUTMOB MAIUHHOIO O0YYeHNUs B TOYHOM IIPOrHO3WPOBAHUU HEJIMHEN-
HOM CBSI3U MEXKJTY YKUBBIM BECOM U MOP(OJIOITIECKUMY TPU3HAKAMEI YKUBOTHBIX . Boutee Toro,
IIPOTHO3UPOBAHUE 2KIBOTO BECA MOXKET OBITH OCHOBAHO HA aBTOMATUIECKU U3MEPEHHBIX MOPGOJI0-
TUYECKUX [IPU3HAKAX C TIOMOIIBIO CUCTEMBI JBYXMEPHOI'O 3PEHUS U CUCTEMBI TPEXMEPHOTO
3peHus . B pabore [IPEJIJIO’KEHA CUCTEMa, OIIEHKU BeCa, TeJia MOJIOYHOU KOPOBBI C OIN0O-
Koit 5.2% Ha ocHOBe Tpex JIMHEHHBIX 0OMEPOB, BBIIOJHEHHBIX ¢ TOMOIIbI0 3D-kamepsl. OHaxo,
OOIIIMM HEJIOCTATKOM TAKUX CHUCTEM SABJSETCA TO, YTO TOYHOCTH OIEHKH BECA 3aBHCUT OT MO-
JIeJI TIPOTHO3UPOBAHMS, KA9eCTBA M3MepPeHnsi MOPGOJIOrnIeCKuX IIPU3HAKOB, BHIOOPA BXOJIHBIX
[IEPEMEHHBIX MOJIEJIH, & TaKXKe He JIOCTATOYHOCTH alpodalliid B CBA3U C MaJIeHHKON BBHIDOPKOI.

Jpyrum nepcreKTUBHBIM HAIPpAaBJIEHNEM Pa3pabOTKHU MOJIEIN IIPOrHO3UPOBAHUS YKUBOTO Be-
ca SBJIIETCS MOJE/b, CO3/IaHHas Ha OCHOBE perpeccun m3obpakenwii. Perpeccust m3obparkenwmit
SIBJISIETCSI IITUPOKO UCIIO/IBL3YyEeMOl 3aa1Uell B KOMITLIOTEPHOM 3PEHUU JJIsI IIPEICKA3aHUs BO3PACTA,
[IO3BI TOJIOBBI U KJTIOUEBBIX TOYEK JIUIA . JLj1st IpOrHO3UPOBAHNS JKUBOT'O BECA KPYITHOTO POra~
TOrO CKOTa IpoIe Beero ucnosb3oBarh RGB uzobpazkenust (1iBeTHbIe N300pakeHnsl B IBETOBOI
mogiesin RGB) u kaprbl riry6unbl (n306pazkenue, B KOTOPOM JIJIsT KazKJIOIO IIUKCEJIsl BMECTO 11BETA
XPAHUTCsI PACCTOSIHEE OT 0ObEKTA JI0 KaMephbl) , um camu obsiaka Todek (Habop TOUYeK
MOJIEJIM B TPEXMEPHOIi CHCTeMe KOOP/MHAT), UJIM BOCCTAHOBJIEHHBIE IJIOTHBIE TIEJIbIe TPEXMEPHBIE
Mogiesin. Takzke BaXKHBIM BOIIPOCOM SIBJISIETCSI BBIOOD BHJIA TOJIO2KEHUsT YKUBOTHOTO JIJIs [IOJIY de-
HUsT n300pakeHuii. BOKOBO# BUJ XKUBOTHOTO HaeT 00Jibliie HHMOPMAIUH, OJIHAKO €0 IOy IUTh
TEXHOJIOTUYIECKH CJIOXKHEeH u3-3a TpeOOBaHUs yKPEIJIeHUs U OYUCTKU Kamep. Buji cBepxy GoJiee
[IpUEMJIEM B PEAJIbHBIX yCJIOBUs (pePMBI, TaK KaK HET OJ00HBIX OrDAHMIEHHUIA.

Hesis manHOll paboThl — pa3zpadboTaTb HAJEKHYIO MOJE/Ih ITPOrHO3UPOBAHUS >KUBOIO BECa
Ha OCHOBE PErpeccuu m300paskKeHnii ¢ MOMOIIBIO MEeTO/I0B IIyboKoro obyduenus. s perpeccun
n300paxkeHuit ucrnoab3oBarnch RGB m300parkeHust 1 KapThl VIyOHMHBI BHJI, COOKY JIJIsl IIPOI'HO-
3UPOBaHUS YKUBOTO BeCa KPYIHOI'O poraToro ckora. Mcmosmb3oBanme Buia cOOKYy MMEET CJIENIy-
IOIIIie OCHOBHBIE IIPEUMYIIECTBA: OTCYTCTBHE HEOOXOIMMOCTU CHHXPOHU3AINH TAHHBIX MEXKIy
HECKOJIbKUMU JATINKAMU, OTCYTCTBUE HEOOXOIMMOCTHU BBIMTOJTHEHUS CJI0KHBIX TPYIOEMKUX ITPO-
1e/Iyp BHEIHEN KaJuOPOBKU KaMepbl, OTCYTCTBUE HEOOXOIUMOCTHU BBINOJIHATH PEKOHCTPYKIIUIO
IJIOTHON TPEXMEPHOH MOJIEIN YKUBOTHOTO, BO3BMOXKHOCTD UCIIOJIL30BATH TOJBLKO OJIHY KaMepy, ITO
TIO3BOJIUT YAEIIEBUTH TEXHOJOTHIO OECKOHTAKTHOI'O M3MEPEHUsI 2KIUBOI'O BeCa, KUBOTHOTO.

Jlns obydeHusi HepOHHOI ceTu TpedyeTcsi BBICOKOEe KadecTBO nm3obpaxkenuii, RGB uzobpa-
keHust umeror paspemtenune 1920 x 1080, a kapra riyoumabl 512 X 424, 9T0 MOYXKET UCKaXKaTh
WIA HENPAaBUJIBHO IEpeJiaBarTh xapakTepucTuku oObekTa. Hac maTepecyer dunbrparus RGB

n300pakeHust u KapThl IiyouHb! ¢ garanka RGB-D mjs ysydinenus ee KadecTsa .
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Bxostom 1 rurybokoit HefipoHHO# ceTn MoxKeT ObITh jiByxmepuble RGB nzobpakenus miun
KapThl [JIyOUHBI, OJHAKO B OYIyIIEM IPEIIOJAraeTcs UCCe0BaTh riiyboKre HePOHHBIE CETH C
BXOJIOM € 00j1akoM To4eK. [Ipu orpaHnvyeHHOM KOJTMYeCTBE JOCTYITHBIX N300paKeHuil y HAC MAJIO
BApUATUBHOCTHU B JIAHHBIX, 9TO MOYKET IIPUBECTHU K 1tepeodydennio. CTOUT OTMETUTD, 9TO BEIOOPKA,
JIIst 00y1deHusi HeMPOHHO CeTU JIOCTATOYHO MaJia, II09TOMY HEODXOUMO JIOTIOJHUTE 00y Yaloliue
JIAHHBIE CHHTE3NPOBAHHBIMY 1 MOJAMMDUIMPOBAHHBIMEI H300pakeHnsiMu. CyIecTBYIOT JBa CITOCO-
0a ayrMeHTAIlMH JAHHBIX: C IIOMOIIBIO JOIOJHEHNsT ChIPBIX JByxMepHbiX RGB m3obparkenuit u
KapThl MIyOWHBI, M 60jiee CJIOXKHBI — ¢ OOJIBINIEH BapMATHBHOCTHIO U Momudukalueit, 6/1mu3-
KOl K PeajIbHOCTH, C IIOMOIIBIO IIPOEUPOBaHMs 00/1aKa TOUEK, MOy IeHHBIX U3 KAPThI [JIyOUHBI,
Ha TIJIOCKOCTH JIBYXMEPHOr0 M300parkeHus ¢ OPTOTOHAJIBLHON ITpOeKIneil, TaK HasbiBaeMbie 2.5D
KapThl 1iyouHbl. [IpegBapuresibHo u3 objaka Toyek yiassercs: (o (yaajieHue CieHbl ¢ 00I1ero
KaJIpa), BbIDABHUBAHUE II03bl KUBOTHOIO, U 3aTE€M JIONOJIHSIOTCS JKECTKUE PeodpasoBaHus B
BHUJIe TPEXMEPHBIX BpAIEHU, MACIITAOMPOBAHUN u miepemertieHnii. Mbl BBITOJTHUIN TPOEKITHIO
obJ1aKka TOYEK Kak [[BETHYIO KOMIIOHEHTY (I[BEeTHAsl IIPOEKIUsl ), TaK U Kapry riayouns (2.5D kap-
TBI TUIyOMHBI).

OcHOBHO# BKJIa/I JaHHOH pabOThI 3aK/II0YAETCS B CJIELYIONIEM:

e Bpuin npejjioykenbl MeTo bl it npegobpadborkun RGB u306parkennit u kKapThl TVIyOUHBI U

coznmanuu nserHoit RGB npoekiun u 2.5D KapThl 1yOUHBI JJ1s IPOTHO3UPOBAHUS XKUBOTO
Beca Ha OCHOBE PEerpeccuy m300pazkKeHnii ¢ MOMOIIBI0 METOI0B TJIYOOKOTO OO0y YeHUs .

e Dbl IIpejijioyKeH MeTO/ TPEXMEPHON ayIMeHTAIllU! [[BETHON IIpoeknuu u 2.5D KapThl 1i1you-
HBI C TIOMOIIBIO YKECTKUX ITPeo0pa30BaHmii B BU/Ie TPEXMEPHBIX BPAIEHUN 1 IepeMeIeHunit,
9TO MO3BOJISIET HAM YBEJIUYUUTH OrPAHUICHHDBIN HAOOD JaHHBIX U HOBBICUTH 9(PHEKTUBHOCTH
IIPOrHO3UPOBAHUS KUBOI'O BECA IMPHU HAJUIUU BapPUAINN TO3bI, IMOJIOXKEHUS W MACIITada
JKUBOTHOTO.

e DBriu nokazasiu pe3ysibTaThl HA PEAIbHBIX HADOPaX JAHHBIX, KOTOPBIE JIEMOHCTPUPYIOT, ITO
npeioxkenaas Mojenb ¢ MAPE 8.1%, ucnonbsyromas nserHbie npoekimu u 2.5D KapTh
JIyOMHBI MOXKET JIOCTUYIb YPOBHSI TOYHOCTH U3MEPEHUs BeCa, IIPEBBIIIAOINIEN TOT, KOTOPIi
JIOCTUTAETCS TIPU TPAJIUIIUMOHHOM B3BENTUBAHUU.

JlasipHeliiee U3JI0KEHHE CTATHU MOCTPOEHO ciieaytoiuM obpaszom. B pasmnese |1| onucanbt
HEOOXOIUMBbIE METOJIbI U aJiropuTMbl 11peobpadborku RGB-D uzobparkennit. B pa31LeJIe pac-
CMOTpPEHa MOJIeJIb MIPOTHO3UPOBAaHUs YKUBOTO Beca. B pasreiie [3| mpuBeieHbI PE3YIbTATHI IKC-
[IEPUMEHOB C HCIIOJIb30BAHUEM IIPEJJIOKEHHONH MOje/n. B 3akiodeHnn cojepkarcs OCHOBHBIE

IIOJIy9Y€HHBIC PE3YyJILTATDhI.
1. IIpemobpadorka RGB-D u3zobparkenuii

1.1. Bazsa naHHBIX

Harmm skcriepruMeHThI TPOBOJISITCS Ha JIBYX OTKPBITHIX HAOOPAX JAHHBIX U3 paboT . ITep-
BBIIl CO3JIaHHBIN HAOOD jaHHbIX cojiepkuT RGB-D nannbie, Bec u pydnblie uamepenusi 154 rosios
KPYIIHOT'O POTATOr0 CKOTa — KOPOB HOpoibl repedop. 154 rosioBbl repedopAcKuX KOPOB COJIED-
JKaJIuCch Ha JacTHON ¢repMe ¢ KOHIIEHTPUPOBAHHONW KOPMOBOH IOIKOPMKO# B Bo3pacTe oT 12 110
15 mecsrnes. Bec kopos cocrasisit ot 243 1o 605 kumorpammos (kr). Habop mannbix cobpan cn-
cremoii coopa RGB-D usobpaxkennii, cocrostmeit u3 rpex kamep Microsoft Kinect v2. JIse RGB-D
KaMepBl PACIIONIOKEHBI ¢ MpaBoil cropoubl C u JeBoit cToponst Cy MPOXoa KUBOTHBIX HA PAC-
cTosTHUM 0KO0J10 2.0 M OT >KUBOTHOrO. Bhin ucnoab3oBanbl RGB u30bpaskeHust 1 KapThl TVIyOUHBI

¢ npagoit croporbl Cy u JjieBoii croponsr Co. Ha puc. HOKa3aHbI RGB uzobpazkeHust u KapThbl
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[JIyOHMHBI KPYITHOTO POTATOrO CKOTA, CHATHIE JByMst Kamepamu Kinect. B mammmx skcriepumentax
6bLH ucniosrb3oBanbl RGB n300paxkenust u KapThl TJIyOUHBI ¢ TIPaBoit cTopoHbl C') U JIEBOI CTOPO-
bl Cy otiesbho. Takke MoxkHO paccmaTpusarh RGB n3o6parkenusi u KapThl [IyOUHBI C JIEBOI 1
TIPaBoil CTOPOHBI BMecTe. [IJ1sT 9TOTO HY»KHO OTPA3uTh JIEBYI0 CTOPOHY B paByio. [lomHbrit Habop
nauubIX cocrouT u3 5220 RGB um3obpaxkenuss u 5220 kapThl riiyObuHBI ¢ mpaBoii croponbl C u
4620 RGB uzobpazkenuii u 4620 kapT riiybuHbl ¢ 1 JeBoit croponbl Co 11t 154 KOPOBHL.

Puc. 1. RGB uzobpaxkennsi u KapThl TJIyOUHBI KOPOB OBLIN MOy YeHbI ¢ IIOMOIIBIO JIBYX

kaMep Kinect

Bropast ucop3oBanHast 6a3a BKIOUaeT B cebs gaHHbIe 121 0cobu MOIOMHSIKA KPYITHOTO
poraToro CKoTa abepIAuH-aHTYCCKON MOPOJIbI . Ha MoMeHT 3KcriepuMeHTOB BO3PaCT KUBOT-
HBIX cocTaBjsia 16.5 mecsres, xkupoit Bec — 614.9 kr. s xaxkmgoro n3 96 >KUBOTHBIX ObLIa
cobpana 6a3a JaHHBIX, cojepxKainas ciaeaytomue ganabie: Homep RFID uuma, RGB uzobpa-
JKEHUsl, KapThl TVIyOUH 1 00JIaka TOYEK, >KUBOU Bec. DTa Ha3a JaHHBIX HAXOAUTCH B OTKPBITOM
nocryme (https://github.com /ruchaya/CowDatabase2). Cucrema 3axBarta jJaHHBIX Oblia ycTa-
HOBJIEHA B IIPOXOJie 3aJia. Bce m3MepeHus MPOBOJUINCH HA MJIYIIEM KHBOTHOM C JIBYX TOYEK
3peHus, MMOCKOJbKY HEBO3MOXKHO IOTPEOOBATH, YTOOBI KUBOTHOE OCTAHOBUJIOCH U OCTABAJIOCH
nenonprKHBIM. JIse RGB-D kaMepbl ObLIN PaciiosoXKeHbl ClIpaBa U CJIeBa OT IIPOX0a YKUBOTHO-
ro Ha paccrosgHnn 0KoJio 2.0 M. B ycraHoBKe nCI0/Ib30BaINCh JBe OMHAKOBBIe KaMepbl Microsoft
Kinect v2, mosyuaroniue nzobpazkernsst RGB u riiyOuHbI ¢ JIeBOil 1 IIpaBoil CTOPOHBI YKMBOTHOTO.
Kaxkas kamepa riryOMHBI ObLiIa TOJKIIOYEHA K HOYTOYKY, a BCe HOYTOYKHU ObLIN ITOIK/IIOYEHBI
K JIoKaJibHOI cetu. CHUHXPOHHO ToJiydaeMble n3o0paxkenusi B popmare RGB-D samuceiBaincs
HA COOTBETCTBYIONIUI HOYTOYK JJIsi KaXKoit Kamepbl. COOp M XpaHeHUe JaHHBIX OBLIA peasiu-

3oBanbl Ha ocHoBe Kinect v2 SDK. Kaxknast kamepa, HHAIMAJIN3UPOBAHHASL CUIHAJIOM 3aIIyCKa,
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HadYMHAJIa 3aXBaT Kapos ¢ dacroroit 30 I't. Bpems Ha HOyTOyKax OBLIO CHHXPOHU3UPOBAHO, U
HAWIYUIIee COOTBETCTBUE 00JIaKa TOYEK MOIJIO OBITH BHLIOPAHO B T€UEHUE KpaTJalllnx BpeMeH-
HBIX HHTEPBAJIOB MEXKIy TpeMs ycrpoiictBamu. Paspemenne RGB-m306paskennit u m3obparkenmit
rmybumbl coctaBister 1920 x 1080 m 512 x 424 nukceseii, coorBeTcTBeHHO. Ha pI/IC.HOKaSaHLI
RGB-uz06paxkenust, KapThl IVIYOUHBI U 00JIaKa TOYEK KPYIIHOTO POraToOro CKOTA, CHSATHIE JIBYMSI
kamepamu Kinect. ITosmbiit Habop manabix cocrout us 4180 RGB uzobpaxkennss u 4180 kap-
ThI TyIyOuHBI ¢ mpaBoii ctoporbl C1 u 3860 RGB msobpaxkenunit u 3860 kapT ryyOUHBI ¢ JI€BO
croponbl Co 1j1st 121 KOPOBHL.

Puc. 2. RGB-usobpaxkenusi, KapThl TJIyOMHBI U 00JIaKa TOUYEK KPYITHOINO POTATOrO CKOTA,

cuaTble aByMs Kamepamu Kinect

1.2. IIpemobpaborka 6a3bl JaHHBIX

JlanHble TPEXMEPHOTO CKAHUPOBAHUS KOPOBBI IIPEJICTABISIOT OO0 TMHAMUYECKUE TOCIE0-
BaTEJLHOCTU, COJIEpIKAIllue MyCThle KaJpbl 0€3 »KUBOTHOTO, IEJIble KaJIPbl C HOJHOCTHIO BOIIIE/I-
[ITUM >KUBOTHBIM U YaCTUYHBIE, KO/l >KUBOTHOE He BOILIO 1ejiukoM. OJIHAKO, OTCYTCTBHE YaCTH
[OJIOBBI YKUBOTHOTO HWJIU 3aJ(HEHl YaCTH MOXKeT JIETKO MPHUBECTU K OMIUOKAM ITPOrHO3UPOBAHIUS
JKUBOTO Beca. 3aJ1ady 0OHAPYKEHUSI KaJIPOB C IeJIbIM YKUBOTHBIM MOYKHO CBECTH K 3aJ1ae JIeTEK-
TUpOBaHUs YacTell XKuBoTHOro. B pabore OBLT TIPEJJIO?KEH METOJI IeTEKTUPOBAHMST 00/IaCTH
roJIOBBI, OeJIpa W Tejia *KUBOTHOIO Ha JByxMepHOM mu3obpaxkennn RGB. Biaromapst Beicokomy
paspemmenuio RGB undopmanun Ha m300parkeHuu, pe3y/ibTaT OOHApY>KEHUs IeJIeBOi 00JIacTh
SIBJISIETCsT DOJIee HAJEXKHBIM, Y€M METO/I TPEXMEPHOIO JIeTeKTUPOBaHMs. Bbljia NCIO0J/Ib30BaHa CY-
mecTByomas Mojiejib obuapyxkeuusi YOLO v JUisi ODHAPY2KEHUsT HECKOJIbKUX obJracTeit
PA3HOI0 pas3Mepa Ha OJHOM JIBYXMEPHOM M300pakeHuu, u ObLIa JT000yUeHa MOJEb JIJIsi JEeTEK-
THUPOBaHUs 00JIACTEll IOJIOBBI, Oej[pa U Tejia YKUBOTHOI'O HA JIByXMepHOM n3o0paxkenuu. Hauaue

Tpex objiacTeil — Tesio, 6eIPO U TOJIOBY KUBOTHOTO — OJIHO3HAYHO OIPEIE/IAIOT KaJp € HEIbIM
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KUBOTHBIM. Kak 1mokazano Ha pI/IC. 00J1acTu UIEeHTHMUIUPYIOTCS TPEMs IBETAMU, & JETEeKTH-
pOBaHHBIE 00JIACTH IIPEJICTABJIEHBI JIBYXMEPHBIM OKHOM. Bbliia obpaborana Best 6a3a JJaHHBIX JIJIs

BbIIeJICHUA TOJIBKO ITOJIHBIX Ka/JIPOB C 2KUBOTHBIM.

Puc. 3. O6nacru teia, 6eJpa U TOJOBBI >)KUBOTHOI'O 0003HAYMEHBI KPACHBIM, CHUHUM U YKEJIThIM

OBETOM COOTBETCTBEHHO

Kpowme Toro, Ha TOYHOCTH M3MepPEHUs U IIPOTHO3UPOBAHUS KUBOT'O BECA MOXKET BJIUATDH 11032
KuBoTHOrO. COrJIacHO , TpeboBaHUs K MPABUILHON 11036 MOXKHO KPATKO CPOPMYIUPOBATH
CJIEYIOIUM 00PA30M: YeThIPE KOIBITA U3MEPSIEMON >KUBOTHOIO JIOJI?KHBI COCTABJISITH IPSIMO-
YTOJIBHUK, 8 BETBb TYJIOBUINA JIOJPKHA OBITH OUTH IPsiMOil jtmHuelt. [1perioKe bl MeTOT, 13-
BJIEUEHUST CKEJIETA obecrieunBaeT JIy il crrocod OIMEHKHU O3Bl JIJTsi TIOCIEYIOIIEro MPOTHO-
3UPOBAHUS YKUBOTO Beca. [I0CKOIbKY METO/bI OIIEHKH »KUBOI'O BECA MOT'YT OBITH BOCIIPUUMYMBBI
K HEIPABUJIBHBIM T03aM >KUBOTHOIO, TO HEOOXOJMMO OIPEJETUTh CXeMY BbIOOPA TO3bI, ITOOBI
rapaHTUPOBATDH, UTO BhIOpaHa MpaBUIbHAS 11034 IS MOCTEAYIOMNUX u3MepeHuii. B mocsenoBa-
TEeJILHOCTH JIAHHBIX CHadYaja PacCMaTPUBAEM KaJIpbl, KOTOPbIE HE MOMEYEHbl OTCYTCTBHEM HOIH.
Eciin et Hu 0HOrO HEMaPKUPOBAHHOTO KaJpa, Y/IOBJIETBOPSIONIETO TOPOI'Y, TO UCIOJIL3YEM Te
JKe KpUTEPUH JIJIsi BEIOOpa KaJIPOB C OJIHOM OTCyTCTBYIONEN HOroit. Eciu B mocsie1oBaTe IbHOCTH
HET yJIOBJIETBOPSIOIIETO IIOPOTrY KaJjpa, TO KaJIp He BIOUpPAETCA B TO 110C/I€10BATETBHOCTH.

[epsoiit o6paborannbiit Habop mammbix coctont n3 1701 RGB m3obpaxenuns m 1701 xap-
ThI TUIyOuHBI ¢ mpaBoii ctoporbl C1 u 1406 RGB msobpaxkenunit u 1406 kapT ryiyOUHBI ¢ JI€BOI
croponbl Co nyist 154 kopos. Bropoii ob6paboranubliit Habop jJaHHbIX cocrouT u3 1536 RGB n306-
paxkenust u 1536 kapThl riryOuHbI ¢ paBoit croponbl C u 1327 RGB usobpaxkenuit u 1327 xkapt
ryOouHbI ¢ JieBoit croponbl Co yist 121 KOPOBHL.
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1.3. IIIymoouuctka RGB u3zobpakenunii

B pabore ObL1 MCIIOIB30BAH TAIl MPEIBAPUTE]IHHON 0OPAOOTKU IJIsT Y/IyUIIEeHUsT KadeCTBa
RGB wuzobpakenusi. B mporiecce 3anucu uian nepemadn MHGOOPMAIUN HA [IBETHBIX ITHMPOBBIX
n300pakeHnsIX JaCTO BO3HUKAET MUMITYJIbCHBIN ITyM M3-3a HEUCIIPABHOCTEH JAaTINKOB, OIMMOOK
mepeadn, aHaJIoro-IudPOBOM IPeodPA3OBAHIN . YT00b! yIydImuTh KAIeCTBO IBETHBIX N300~
pakeHuit, BayKHO MCIIOJIb30BATh 9 PEKTUBHBIE TTOAXO0IBI K OIIEHNBAHIIO TAPAMETPOB NCKaKEHST
7 MOCJICAYIOIIEMY YIAJICHUIO UMITYJIbCHOTO IITyMa . Bbu1 pesioykeH HOBBIH TIOJIXOJ, K IITY-
MOIIOJIABJIEHUIO TIBETHOTO M300PAYKEHNS C TTIOMOIIBI0 MOPQOJIOrTIECKON PUIBTPAIINH, TIe TTPOUC-
XOJIUT OOHAPY2KEHUE TTOBPEXKICHHBIX ITUKCeIeH U yIaJleHne 00HAPYKEHHOTO IITyMa IIOCPEICTBOM
Mopdosorudeckoit puabTparuu. IIpenaoKeHHbI aJTOPUTM T03BOIsIET 3PMEKTUBHO YIATISITH

UMITYJIbCHBIE ITIOMEXHW Ha IIBETHBIX H306pa}KeHI/IHX .

1.4. IITymooumncTka KapThl IJIyOUMHBI

Kapra raybuabl onmchIBaeTCS KyCOYHO-TJIAAKAME OOJIACTIMU, OTPAHMIEHHBIMHU PE3KUMU
rpaHuamMu 00beKTa, ITOITOMY 3HaUeHNE ITyOMHBI MEHSIETCST CKAIKOOOPa3HO, U HeOOJIbIIAasT OITub-
K& BOKDPYT T'PAHHUIIBI OOBEKTa MOXKET IMPUBECTH K 3HAYUTEIbHBIM apTedaKkTaM U HUCKAYXKEHUSIM.
Kpowme Toro, kapra riyOuHB! 3alyMJIeHA U3-33 OTPaKEHUsT HHPPAKPACHOTO CBETA, & OTCYTCTBY-
omye IIMKCeJIn 663 KaKOI‘O—.HI/I6O 3HAaYEeHUA I‘Hy6I/IHI)I BBITJVIAIAT KaK YepHbI€ JbIPbI Ha KapTaX
Fﬂy6I/IHbI. I_HyM 1 AbIPBI MOT'YT MOBJIUATHL Ha TOYHOCTD IIPOTHO3UPOBAaHNA 2KMBOT'O BeCa, ITIO3TOMY
HeO6XOI[I/H\/IO HCIIOJIb30BaTh aJITOPUTMbI HNIYMOIIOAABJICHNA 1 3aIllOJIHEHUA IBIP.

MpsI mpejyiaraeM UCIOJIb30BATDH TEPEKJIIOUAIOIINICS TBYCTOPOHHUI (DUIBTD JUTST yJiaJie-
HUsI TIIyMa, C KapThI TJIyOWHbI, CHsITOH ¢ momotpio kamepbl RGB-D. [lepekiitouenue qBycTOpOHHEIH
dunpTpany TPpUMEHSIeTCsST He KO BCEM ITHKCEJIsIM KAPThI IVIYOUHBI, & TOJBKO K TEM, I'JIe MOTYT
OBITH IIIyMBI U JBIPHI, TO €CTh Ha I'PAHUANAX U PEe3KuX m3MeHeHnsax. CHadajia 0OHADPY KHBAIOTCS
obJracTr ¢ pEe3KMMHU M3MEHEHUsIMU M IpaHunamMu Ha usobpaxkennun RGB, a 3arem duiabrparims
HMPUMEHSIETCSI TOJIBKO K COOTBETCTBYIOIIMM OOJIACTAM Ha KapTe iIyOnHbl. MHOMOYNCIeHHBIE KC-
[IEPUMEHTBI [TOKA3aJ/IM, 9TO MEePEKII0YaIONINiCd IBYCTOPOHHUA PUILTD JAeT JIYUIIYIO IIPO-
HU3BOJIUTEILHOCTDh C TOYKU 3PEHUs] TOTYHOCTH BOCCTAHOBJIEHUS KAPTHI IIyOMHBI 1 CKOPOCTU CPEIH

PaCIPOCTPAHEHHBIX AJTOPUTMOB YIAJIEHUs IIyMa ¢ KapThl TIyOWHBI.
1.5. IIlymooumuctka objiaka TO4YekK

B nocneasne ronsl OBLIO IPEIJIOKEHO MHOXKECTBO METOA0B (PUIBTPAIINN TPEXMEPHBIX 00J1a-
KOB TOoUeK. Harmm skcriepuMeHThl ToKa3a/m , aro ajaroput™m ROR, peanuzoannsiii 8 PCL ,
JIAET JIyUIIHi Pe3ysibTaT ¢ TOYKU 3PEHUs] TOUYHOCTU BOCCTAHOBJIEHUS 0OJ/IaKA TOUYEK, PACCIUTAH-
HOT'O C IOMOIIBIO paccTosiHus Xayciaopda, cpegu cyiiecTByomux ajaropurmos. ROR yunanxser
BBIOPOCHI, €CJTM KOJIMYECTBO COCEIEil B OIPEIEJICHHOM PaJinyce MOUCKA MEHBIE 3aJJaHHOTO II0-
pora. MbI MOXKeM yKa3aTb KOJUUIECTBO COCEell, KOTOPbIE JOJIKHBI ObIThH B IIPEJie/iaxX 3aaHHOrO
pajimyca, 9TobBI ocTaBaThesd B objake Touek. C momoripio duabrpa VoxelGrid ¢ mapamerpamu
JIICTBEB (JINCThsI 3aJ1a10T Pa3Mep BOKCeJIst) it Kaxkoit ocu Ha 0.01 ymeHbIIaeTcss Ka4ecTBO 00-
Jlaka, IyTeM AllIPOKCUMAINA UX K MeHTpoiiay. Ob/1ako TOYeK, HOrOTOBJIEHHOE JIJIst IIPOEKITUH,
obpabareiBaerca puiabrpoM RadiusOutlierRemoval, KoTopslit yaaiseT TOUKY, €CJin KOJIUIECTBO

ee coceneit me pasuo 20 B pagumyce 0.05. Ilpumep obpaborannoro obyraka TOUeK MOKa3aH Ha pHc.
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Puc. 4. Ilpumep obiraka To4ek Iocje mpesodpadboTKu

1.6. VYaanenue ¢poHa n3 ob1aKa TOYEK

Baxxapim marom o6paboTku obsiaka TOYEK ABJIsIeTC yaasieHue (hoHa u3 objiaka To4YeK. BbLr
pa3paboTaH U PeaJM30BaH aJrOPUTM JJIs BRIYUTAHUs 00/1aK0B Toyek. CHadasia HeOOXOIUMO II0-
JIVIUTDL JBa ObJIaKa TOYEK: OFHO 00JIAKO C IIyCTBIM KaJIpoM 0e3 >KMBOTHOT'O, JIPyroe o6/aKko C
KUBOTHBIM. JJIsT 9TOr0 MBI MCIOJIB3YeT BCIO MTOCAEI0BATENBHOCTD KAPOB, HMOJIYIEHHYIO IIPU 3a-
IACH, W TaKKe KakK I [IpenoopaboTKu 0a3bl JaHHLIX HAXOAWM ITYCTOH Kajap 6e3 »KUBOTHOTO.
Hasee kaxk/ast TOUIKa OJHOTO OOJIAKA CPABHUBAETCS C JAPYTUM IO KOMIIOHEHTaM (X, ¥, Z KOOp-
munaaThl). Ecin abcomornast pasHuiia BO BCEX KOMIIOHEHTAX MPEBBIMIACT 3aaHHYIO JICJIBTY, TO
TOYKa MIEPEHOCUTCsT B HOBOE 00/1aK0 Touek. Hammydammit pe3yibTar JOCTUTAeTCs MIPH JIeIbTa PaB-
wvoit 0.1. Ilpumep paboThl aJropuTMa MpejAcTaBIeH Ha PHUC. MCXOIHBIN KaJp obJyiaka TOYEK C

JKUBOTHBIM, 00JIAKO TOYEK ¢ (POHOM, U UTOrOBOE 00JIaKO II0C/Ie BBEIUYUTAHUS ODJIAKOB TOUYEK.

Puc. 5. Ilpumep paboThl aaropurma: UCXOJHBIN Kajap obJIaKa TOUEK C XKUBOTHBIM, 00JIAKO

TOYEK C Cl)OHOM, A UTOroBoe 00JIAKO II0CJIe BBIYUTAHUS 00JaKOB TOYEK

1.7. HopmaJsin3alusi 1103bI M BbIYUCJIEHUE JIMHUU CUMMeETPUun

,HBYCTOpOHHHH CUMMETPUA ABJIACTCA BaKHbIM UM YHUBEPCAJIbHBIM IIOHATUEM CPEIN 2KUBOT-
HbIX. CI/Il\/IMeTpI/I‘IHaH IIJIOCKOCTDB 2KUBOTHOI'O HUCIIOJIB3YETCA JIJIA IOy YCHU A ocen X, Y, 7. Ilonck
IIOAXOJAIINX OpI/IeHTaHI/IfI JaCTO IIOMOT'a€T B aBTOMAaTU3UPOBAHHOM IIOMCKE 1 O6pa6OTK€ TpexmMep-
HBIX OOBEKTOB. KpOMe TOI'0, HOpMaJIn3alud IIO3bI ITIOMOraeT aJIrOpuTMaM MaIIMHHOI'O o6yquH${

VIATBIBATH WHQPOPMAIMIO O 1103€, Jiejlas IPOTHO3bI PACIIO3HABAHUS OOBEKTOB 00jiee TOYHBIMMU.
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MpbI npeIoXKuIN OBICTPBIN AJTOPUTM OOHAPY>KEHUsI JIBYCTOPOHHEN CUMMETPHUM JIjIsT 0OJIaKa TO-
JeK . CuayaJjia 0bLI uCIOAb30BaH ajgroput™M PCA mis oOHapyKeHNnsT HaYaJIbHONR CHMMeT-
pun. 3aTeM IyTeM MOJIHOTO Hepebopa IJIOCKOCTEH CUMMETPHUH, IPOXOJISIINX Yepe3 MEHTP Ts-
ZKECTH OTHOCHTEIBHO MCXOTHON IJIOCKOCTH CHUMMETPUHM, OIIPEIEIAIACh ONTUMAIbHAS IIJIOCKOCTh
CHMMETPHH C ITOMOIIBI0 MOAUGDUIINPOBAHHON MeTpuKu Xaycaopda.

YT00BI OIEHUTH TOYHOCTD U CKOPOCTD IIPEJIAraeMOro ajJropuTMa OOHAPYKEHUS CUMMETPUN
Ha peasbHBbIX, Mbl CPABHUM IPEIJIOXKEHHBIH ajroputMm ¢ ajgropurmMom PCA. Ilnockocru cum-
MeTpur 110 ocsiM X, Y, Z u3 ayropurMa PCA oTobpaskatoTcst B BUJE IIJIOCKOCTH, 3aKPAITEeHHOM
KPACHBIM I[BETOM, U3 IIPEJJIaraeMoro ajJropurMa O0TOOpParKaroTcs B BUJE IJIOCKOCTH, 3aKpAIlleH-
HOH 3e/IeHBIM I[BEeTOM. Pe3y/bTarhl 00HAPYKEHUST CUMMETPHUHU Ha PEAJIbHBIX JIAHHLIX KOPOBa I10-
Ka3aHO Ha puc. @ st oTCKaHUPOBAHHON MOJEIN KOPOBBI IIJIOCKOCTH CUMMETPHUHU II0 OCH X U3
ajroputma PCA coBmajaer ¢ mpemyioxkeHHbIM ajropurMoM. [lo ocsm Y u 7 mpejjioyKeHHbIi

aJITOPUTM B JJaHHOM CJIYy9a€ HEMHOI'O UCIIPaBJIACT CUTYaIlUIO.

Puc. 6. IliockocTn cuMMeTpun KOPOBBI

,HJIH BCero obJjaka c IIOMOIIIBIO MIPEIIO?KEHHOT'O METO/[a BBIYUCJ/IAIOTCA JIMHUU CUMMETPHUHN.
,Z[aﬂee, JJ1sd BbIpaBHUBAHUI, 00J1aKO ¢ IIOMOIIIBIO Haﬂ,ZLGHHbIX KOSd)Cl)I/ILLI/IeHTOB IIJIOCKOCTH M1 J€-
KapToBa basuca cOOCTBEHHOIO IIOAIIPOCTPaHCTBa BbIPABHUBACTCHA 1103a 2KUBOTHOI'O ITapaJlJIEJIbHO

HopMupoBaHHO#t wockoctu OXZ. Ha puc. HpI/IBe,ZLeH [PUMED BBIPOBHEHHOT'O 00JIAKO TOYEK.

Puc. 7. Tlpumep BuIpoBHEHHOIO 00/1AKO TOUEK YKUBOTHOTO

2023, 1. 12, Ne 1 13



IIporuo3supoBanme >KUBOro Beca ¢ MOMOINbI0 riry6okoii perpeccun RGB-D u3obparkenwmii

1.8. Beruncisienne npoekiun KapThl ri1youns! (2.5D kapra riayGuHbi)

Broin paspaboran u peaJn30BaH aJrOPUTM BBIYUC/ICHHUS IIJIOCKUX ITPOEKINI 00JIaKOB TOYEK.
[Tony4ennoe 061aKO MEPEHOCUTCST K HAYALY CHCTEMbI KOODJAMHAT (T. €. KpaiiHsisl TOYKa IapaJiie-
JIeTIATIe/ [, B KOTOPBIiT BImcaHo 0bJ1ako, nepemernaercs B To4ky (0,0,0)). Cpeacramu 6ubmorern
OpenCV B namsaTu cosmaercs mycroe n3obparkenue pasmepom 299 x 150. MakcuMaJIbHBIME I1a-
paMeTpaMu IMUPUHBI U BHICOTHI YKUBOTHOTO BBIOpaHbl 3uadeHust 2.5 u 1.35 coorBercrBenno. Bee
KOOPJNHATHI TOUEK 00JIaKa HOPMAJM3YIOTCI K pa3Mepy M300paKeHus, U M0 KOOPAWHATAM & U
Yy TOYKHU U3 00JIaKa B IIyCTOM H300PaKEHUM YCTAHABIUBAETCH 3HAUeHue npera z. llomywaennoe

nzobparkeHune coxpansiercs B ¢popmare bmp. Ha pI/IC.HOKa3aH IIpUMep TAKOT'O0 BHIDABHUBAHUSI.

Puc. 8. Ilpumep mosydeHHO# mpoeknuu KapTsl riyoussl (2.5D kapra riyOunb!)

1.9. IIBernas mpoekinusi (RGB npoekmus)

U3-3a Toro, 4ro obJiaka N3HAYATIBHO SIBIISAIOTCS CHIIBHO PA3PSI?KEHHBIMHI (KOJIMIECTBO TOUEK B
HUX OTHOCUTEJIBHO MAJIO), UX IIBETHbIE IPOEKIUl MMEIOT GOJIbINe PACCTOSHISI MEXK Ly IIHKCesIa-
mu. Tak Kak yBeJmdaeHne KOJUIEeCTBA TOUEK B 00/IaKe HE IPUBOJUT K IPUEMJIEMOMY PE3YJIbTATY,
TO OB pa3spaboTaH AJITOPUTM JIJIsl BBIMUCICHUSI [IBETHOM MPOEKIU. AJITOPUTM OCHOBAH Ha Me-
JmaHHOM (DUJIBTPE B 38J]aHHOM OKHE. 3aJIaeTCsT PAJINYC OKHA, TeHTPAJIBHBIN MUKCET 3aMeHSIeTCsT
Ha CpellHee 3Ha4YeHUEe BCEX IUKCEJIOB, IIONABIINX B OKHO, IIPU 3TOM YCJIOBHEM 3aMEHBI SBJIACTCS
HaXOXK/JIEHUE B KBaJ[paTe He MeHee, YeM k MUKCEJIOB, TOTOMY KaK MaJjioe KOJUIECTBO ITUKCEIOB 1A~
eT He IpueMJIeMblil pe3yabTaT. B pe3yibrarbl MHONOUYHCIEHHBIX SKCIIEPUMEHTOB, pa3Mep OKHa 7

JIaeT IpHUeMJIeMbIil pe3yJibraT, B KadecTBe k ObL10 BbiOpaHo 3HadeHue 13. CJI02KHOCTH HPEJIo-

nm

s),rﬂenmm—

2KEHHOT'O aJI'OpUTMa BbIMUCJICHUA HBGTHOfI IIPOEKIINN OIEHUBACTCA KaK 0] (
IrpuHa U BbBICOTQ I/I306pa}K€HI/IH, S — IIJIOIIa/Jb OKHa. Ha puc. @HpeﬂCTaBﬂeH nIpuMep HBGTHOfI

MIPOEKITNN.
1.10. IIpemobpaboTka m3oOparkeHmuii /IJisi BXOa B HEPOHHYIO CE€Th

N3menenne pasmepa (image resize). Pasperienne xaprsl riyGunbl cocrapisier 512 X
424 mukceieit, a RGB nzobpaxkenust — 1920 x 1080 nukcesteii, 109TOMy HEOOXOIUMO OBLIO U3Me-
HUTH Pa3Mep M300payKeHusl ¢ yIeTOM COOTHOIIEHUsI CTOPOH, OIPEJessieMoro Kak r = w/h, rje

T — COOTHOIIIeHue CTOPOH, w " h— OIMpUHa U BBICOTA 1/1306pa>KeH1/15{, coorBercTBenHo. CooTHOIIE-
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Puc. 9. PesynbrarThl BhIUNCIEHUs IBETHON IPOEKIUMN TIPU pasMepe okKHa 5, 6, u 7,

COOTBETCTBEHHO

HUE CTOPOH PAaCCMATPHUBAJIOCH JIJIs M3MEHEHUsI pa3Mepa n300pakeHus Kak apaMerp, KOTOPBIi
[IOMOTaeT COXPAHUTDH HAUJIYUINEE KadeCTBO MCXOMHOIO M300parkKeHusi B MPOIEIypax MOHUYKEHUS
U TOBBIIIEHUsT pa3Mepa U300parKeHus. BOJIBIIMHCTBO MPEIBAPUTETHLHO 00y IEHHBIX MOJIeIeH nc-
HOJIB3YIOT pasMep u306parkenust 224 X 224 (mmpuHa, BbICOTA), KOTOPBIii HCIOIB3yeTCs B KAIECTBEe
1esieBoro pasmepa. [Ipu moBbiiennn pazMepa n300pazkKeHus UCI0JIb30BaIaCh KyOudeckasi HHTED-
HIOJISATINS, & IIPY TIOHMKEHNH pa3Mepa M300parKeHns HAWJIY YIlue Pe3yJIbTaThl JAaeT UHTEPIIOJIAINs
10 TLJIOTIAJTH.

Hopmanuzaums nzobparkennii (Feature standardisation). Ilocsie npensapuresnbHoii
0bpaboTku n30bpazkeHust kKapra rryonasl 1 RGB n3o0parkeHne nMer0T pa3Hble 3HATEHUS THKCE-
Jjieii. YToOBbI YMEHBINUTD 9TO BJIUSIHAE HA PE3Y/IbTATHI IIPEJICKA3aHus, Tepei 00y deHrneM MOJIETH
JIAHHBIE HEOOXO MO HOPMAJIN30BATh, ITO0OBI 00ECIIEYNTH OJUHAKOBBII MOPSIIOK 3HATEHUN THKCe-
Jieit. CyIecTByeT Tpu OCHOBHBIX METOJIa MACIITaDMPOBAHUs 3HAYEHUN TTUKCEJIEl, TOJJIepKIBae-
MbIX Kitaccom ImageDataGenerator uz 6ubmmorexkn Keras : HOpMaJIn3alus UKcesel (mMac-
mrabupoBanue 3HavdeHuii nukcesteit 1o auanaszona [0,1]); meaTpupoBanue nukceseii (macurrabu-
pOBaHMe 3HAYEHUI TUKCEeIell 10 HyJIeBOIO CPEJIHEr0 3HAYCHNS ); CTaHIAPTU3AINs TUKceei (Mac-
mITabupoOBaHie 3HAYEHUIT MUKCesIell JI0 HYJIEBOIO CPEJIHEr0 3HAYEHUs ¥ eJMHUYHON JINCIIEPCHH ).
AnropuT™ cTaHJApTU3AIME TUKCETeH TOCTUTaeT HAWIYdInedl MpOou3BOIUTEILHOCTH. AropuTm
Hopmasimzanuu StandardScaler ocHOBaH Ha yJlajeHUM CPEJIHEIO 3HAYEHWUS W MACHITaOUPOBAHUM

10 eJIMHUYIHON JTUCIIEPCUH, U OIIPEJIEISIETCST KaK

v = : (1)

IIe r — TeKyllee 3HaUYeHNe ITPU3HAaKa, N — HOPMAaJIM30BaHHOE 3HAUEeHNe MTPU3HAKA, U — CPeIHee
3HadeHne I Bcero obydaroriero Habopa JAHHBIX, S — CTaHJapTHOE OTKJIOHEHWE JIs BCEro

oby4Jarorero Habopa JaHHBIX.
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2. Moaeab NporHo3MpoBaHUs »KUBOT'O Beca

I'my6okoe ob6ydenne — 910 00T METO, MAIIMHHOTO 00y YeH s, IIPU KOTOPOM MOJEb 00y da-
ercst 0e3 CreruaJM3uPOBAHHBIX AJITOPUTMOB 110/ KOHKPETHBIE 33184, & UCIOJIb3yeT HepapXxude-
CKOe WJIM MHOTOypoBHeBoe o0ydenue. Ceeprounas neiiponnas cetb (CNN), Bepositro, siBisteTcst
CaMOl IIOLYJIAPHON apXUTEKTYyPOU, UCIIOJIb3YyEeMON B HACTOAIIee BPEeMs B KOMIILIOTEPDHOM 3PCHUU.
['nybokoe obytenne peaan3oBaHo ¢ moMoIbio budbnoreku Keras .

Mogens MRGBDM (Model RGB and Depth Map) st nporaosupoBanusi *KHUBOTO Beca KO-
POBBI NIOKa3aH Ha PUC. Ha KOTOPOM BXOJIHBIMHU JAHHBIMU BJIsioTCA n3obpazkennst RGB u
KapThl r1youHbl. Mojens comepkut 3 6sioka ceeprku (conl, conv2, conv3) u jBa IOJHOCBSI3aH-
ubix ciost (FC u OUT). Baok convl umeer jasa ciost ¢ 64 3 x 3 dusbrpamu, 610K conv2 nmeer
nBa cyos ¢ 128 3 x 3 dunbTpamMu, u nmocseannit 610K CBEPTKU UMEET TPU ¢jios ¢ 256 3 X 3 buiib-
mpamu. [Tocse 6s10k0B convl, conv2 u conv3 UCIOIB3YIOTCS CJIOU TOJBBIOOPKU C PA3MEPOM siJIpa
2 x 2. Yceuennoe Jymneiinoe npeodbpaszosanne (Rectified Linear Unit, ReLU), koropoe He okazaHo
HA PUC. siBJIsteTCs (DyHKIMEH aKTUBAIUU, ITPUMEHSIEMON TOCIe KaXKJI0I0 CBEPTOYHOIO CJIOS U
[IOJTHOCBSI3HOT'O CJIOSI.

Moness MRGB (Model RGB) muist mpejickasanusi }KMBOTO Beca KOPOBBI TIOKA3aH HA PHC.
HA KOTOPOM BXOJIHBIME JIAHHBIMHU SBJSIOTCH ToJbKO RGB mzobpaxkenus. Mojesb comepkut
3 6sroxa cBeprku (conl, conv2, conv3) u aBa noaHocBs3annex ciog (FC n OUT). Biok convl
umeer 32 3 X 3 dunbrpa, 6ok conv2 umeer 64 3 X 3 buabTpa, W MOCTETHUN OJOK CBEPTKH
umeet 128 3 x 3 pumabrpa. ITocse 6/10k0B convl, conv2 n conv3 UCIOJIB3YIOTCS CJIOU MTOABBIOOPKH
¢ paszMepoM simpa 2 X 2. YceueHHoe juHeiHOe mpeobpasopanne RelLU, koTopoe He moka3aHO Ha
puc. aBjsieTcst PYHKIMEH aKTUBAIUN, TPUMEHIEMO MOC/e KaXKJIO0T0 CBEPTOYHOTO CJIOS U
[IOJTHOCBSI3HOTO CJIOSI.

Momens MDM (Model Depth Map) st npejickasasnst JKHBOro Beca KOPOBBI IIOKa3aH Ha
puc. Ha KOTOPOM BXOJIHBIME JAHHBIMU SIBJISTFOTCS TOJIBKO KApThI TJIyOUHBL. MOJIesb COMepKuT
3 6usioka ceeprku (conl, conv2, conv3d) u jBa nosiHocBs3aHHbIX caos (full u out). Biok convl
umeer 64 3 X 3 puibTpa, 60K conv2 umeer 64 3 X 3 puabTpa, U MOCTETHUI OJIOK CBEPTKHU
umeer 256 3 x 3 duubrpa. Ilocime 6s0koB convl, conv2 u conv3d HUCHOIB3YIOTCH CJIOM MAKCHU-
MaJIbHOTO OO'bEIMHEHUsI C pa3MepoM sipa 2 X 2. Ycedennoe JimHeiinoe mpeobpazosanue RelU,
KOTOpPOE He ITOKa3aHO Ha pI/IC. ABJISIETCs PYHKIUEN aKTUBAIIIHI, IPUMEHSIEMOIT ITOC/Ie KazKI0r0
CBEPTOYHOTO CJIOSI ¥ TIOJTHOCBAZHOTO CJTOS.

OcHoBHO¥ 3ajiavueil Juisi MPEJJIOZKEHHBIX MOJIEJIEN SIBJIAETCS OIEHKa YKUBOI'O Beca KOPOBBI
¢ ucnosp3oBaareM BxonHoro RGB m3obpazkenust wim/u BXomHON KapThl TIyOnHbI. Perpeccust
JKWBOTO BECA BXOJHOTO M300paKeHUsT BBIYUC/IAETCS C MOMOIIBIO (DYHKIINI TOTEPh CJIETYFOIIIM

obpazoMm

Pr(0) = = S I1Ry (X, 0) ~ Vil ©)
=1

rjae © — Habop mapamerpos mojesu, X; — BxogHoe RGB u3obpazkenune nim/u BXOJHAsT KapTa
IyOuHBL, & n — HOMep O0ydJalollero Habopa JaHHBIX. Py — 3TO HOTEpsl MeXK/y OIE€HEHHBIM
BecoM Fy(X;; ©) (Bbixoz nosHoCThIO NoziKIoderHoro citost OUT) u uctunnsiM Becom Y;. Iorepu
MUHHMU3HUPYIOTC C IIOMOIIBIO MUHH-IIAKETHOI'O I'PAJMEHTHOrO CIIyCKa U aJroOpUTMa OOpaTHOrO
pacIpocTpaHeHNs OIINOOK.

Nsznavyaapno HAOOp AAHHBIX OBLI pasieseH CIydailHbiM 00pa3oM Ha JBe JacTu — o0Oydvaro-
muit (70%) n Tecrossrit (30%) nabop namabix. Kpome toro, 20% obydalomero nabopa JaHHbIX

HCIIOJIB3YETCA IJId BaJIAIAIlNN. ,ZLJIH FJIy6OKOI‘O O6y‘{eHI/IH OIITUMM3aIlsA TuIreprapamMeTpoB BazK-

16 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



A.H. Pyuaii

| ouT

FC

64 64 > conv2

convl

Puc. 10. Crpykrypa cBeprouHoii Heifiporuoit ceru MRGBDM 17151 TporHo3upoBaHust }KUBOTO

Beca KOPOBBI € HCIOJIb3oBaHneM BxogHoro RGB m306parkeHnst U BXOJHON KapThl TJIyOWHBI

ouT

1024
FC

Puc. 11. Crpykrypa cBeprouHoii Heiipornoit ceru MRGB 1151 mporaosupoBaHusi XKUBOTO Beca

KOPOBBEBI C HUCIIOJIB30OBaHUEM BXOJ/IHOI'O RGB I/I306pa}KeHI/IH

Ha JIJIsT pelleHust mpobJieMbl BbIOOpa Habopa ONTUMAIbBHBIX THIIepIIapaMeTpoB. BT ncmoab3oBan
TPAIAIIMOHHBIN CITOCOO ONTUMUBAIMY TUIIEPIIAPAMETPOB ¢ IIOMOIIBIO IIOUCKA ¢ KPOCC-BaJIHIaIiueit
(GridSearchCV ), KOTOPDBIIi IIpejcTaBisier coboil IPOCTO MCYEPIIbIBAIOIIMIL IOUCK 110 3a/aH-
HOMY BPYYHYIO HOJIMHOXKECTBY THIIEPIIapAMETPUIECKOTO MPOCTPAHCTBa IIybokoit cetu. C momo-
mpio GridSearchCV 6bLin HaiiAeHbI ONTUMAJIbHBIE MAIIEPIIAPAMETPLI JIJISI BCEX MCIIOJIb30BaHHbBIX

MOJIeJIEN.
2.1. HomnosHenne manubix (Data augmentation)

[Ipu orpannveHHOM KOJIMYECTBE JOCTYITHBIX M300parKeHUN y HAC MAJIO BAPUATUBHOCTU B

JAHHBIX, 9TO MOXKET IPUBECTH K IepeolydeHnto. UToObl pemmnTh 3Ty IpobsemMy, HeoOXOIMMO
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ouT

convl

Puc. 12. Crpykrypa cBeprounoii Heitpornoit cetn MDM nyist mporaosuposanmst Beca

KPYIIHOI'O poraToro CKOTa(ZHCHOHLSOB&HﬂeMﬁBXOﬂHOﬁ KaprIFHy6HHbI

JIONOJIHATDH OOydYaloniue JaHHble CHHTE3UPOBAHHBIMUA U MOJIUMUIMPOBAHHBIMUA N300PAKEHUSIMU.
71 ionoJiHeHnst JJaHHBIX NCII0JIB30BaIaCh KOMOMHAIINS ITPe0Opa30BaHUil IIOBOPOTA 110 TPEM OCSIM
X, Y, Z na 45 rpamyca, CIBUT IO BbICOTE U IMUpuHEe Ha £5H0 CM, ITO OTBEYAET 3a CMEIICHHE 10
ocam X, Y, a Takxke ciaydaitHoe macmrrabupoBanue na +0.2, 9TO OTBedaeT 3a CMEIEHUE IO
ocu Z. Ilpu ucroib30BaHUE JIONOJHEHNsT JAHHBIX OOIINI pasMep JAaHHBIX yBeaumdujcs B 10 pas.
B nesiom, nepsblii nmosablii Habop ganabix cocrouT u3 31 070 RGB uzobpaxkenuit u 31 070 kaprt
ryounsl jyis 154 repedopickux kopos. Bropoit mostHbIi HAOOp JanHbix cocrout u3 28 630 RGB
n3obpaxkenuit u 28 630 kapT ryryounb! Jyist 121 abepuH-aHI'YCCKUX KOPOB.

2.2. TIpenobyuenunie mogenu (Transfer Learning mode)

Mogenmu TpebyroT 60abIIX 00bEMOB JaHHBIX IS IPABUILHOTO M TOTHOTO 00ydeHust. B 00-
JIACTH CEJIbCKOI'O XO3sHCTBa OOBIYHO TPYJHO IOJYyYUTH Takue OoJibiine HAOOPhI JIAHHBIX, YTO
CBA3AHO HE TOJIBKO C OIPAHUYEHHBIM KOJUYECTBOM HMCCJIEIOBAHUIM, ITPOBOJUMBIX HA OJIHOM IIDE/I-
MPUATAN, HO U ¢ 00beMOM pabOThI, HEOOXOMUMOIL JIJIsT PYIHON MAPKUPOBKU KUBOTHBIX. [losaTOoMy
JanHasi pabora OyIeT HMCCIeIoBaTh MOAX0J TpaHcdepHoro obydenus. [las sToro HEoOX0mmmo
ITOBTOPHO KCIIOJIb30BaTh mpenobyderrbie Mojean CNN, koTopbie paHee ObLIH OOYYEHBI JJIsT IPY-
IUX 38124, U J0OOYyYIUTh UX TOJ] HAIILY TEKYIIyto pobsemy. [lpenBapuresibHO 00yUeHHAsT MOJIEH
EfficientNet, ucnosnibsyemasi B jjaHHO pabore, paHee MPUMEHSIIACH s KJacCU(UKAIUNT 300~
parKeHwmii . B kadecTBe 3KCTpaKkTOpa MPU3HAKOB UCIOJIB3YETCS TpaHchepTHOe 00yUIeHue, T.€.
BCE CJIOW 3aMOPAaYKUBAIOTCsI, U TOJBKO BEPXHUU CJION MCXOMHOTO KJIAaCCH(PUKATOPA 1Tepeolydaercs
JIJIST HOBBIX TIEJIEBBIX KJ1accoB. Kpome Toro, HeobXomMo HACTPOUTH HEHPOHHYIO CETh JIJIst JOCTH-
JKEHUsl IPOTHO3UPOBAaHUS >KUBOro Beca Koposa 110 RGB uzobpakenusm u kapram 1yiyOUHbBI, UJIH
[BeTHBIM poeknusaM u 2.5D npoeknusim. Mbr nepenocum Bce Beca u3 EfficientNet, Ho 3amens-
eM ToceHIi moTHOCBst3aHHbIi cyoit (FC8) HOBBIM MOC/IEIHUM TIOTHOCTBIO CBSI3AHHBIM CJIOEM

u cjoeM softmax. HoBblil mocsienHuii ciioif mMeeT pasMep, paBHBIA 1, a Beca MHUIMAIA3UPYIOT-
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¢Sl cIydaiiHbIM 00pa30M M3 rayCCOBCKOIO PaCIpee/IeHUus] ¢ HYJIEBBIM CPEJIHUM U CTAH/IAPTHBIM
orkjonenueM (0.01. Mbr ucnosipzyem SGD ¢ wucnonb3oBannem MunHu-O6aT4dell u3 32 06pasioB u
ycranaBiauBaeM ckopocTb obyuenusi 0.001 s npeaBapuTeibHO 0O0YYEHHBIX CJIOEB, U CKOPOCTH

obyuennst 0.01 a5 MOCI€IHETO BBHIXOIHOTO CJIOS.

3. Pe3yabTaTbl 3KCIIEpPUMEHTOB

s onenku saddekTuBHOCTH MOzesell, NCIOAb3yeMbIX B JAHHOM HCCJIEJOBAHUH JJIs IIPO-
I'HO3UPOBaHUS 2KMBOI'O Beca KPYIHOI'O POraToOr'o CKOTA, NPUMEHSJINCh DAa3IUYHble KPUTEPUH.
PaccmorpuM pazimyasble OOLMIENPHHATHIE METPUKHU. DBLIN HCIOJIB30BAHBI CPEJIHAS a0COIIOTHAS
omubka (MAE) u cpennsist abcomornas nporentaas ommbka (MAPE) B kadecrBe nmokaszareseit

3 DHEKTUBHOCTH, KOTOPBIE OIPEIE/IAIOTCA KaK

1 n

MAE:;Z!%—J% (3)
i=1
1~y — /i

MAPE = — = 4
nz | (4)

i=1
rje n — 9YUCJIO 00Pa3IoB HAOOPA JMAHHBIX, § — CpejHee 3HAYEHNE BCEX M3BECTHDLIX 3HAYEHUI
JKUBOTO Beca, ¥, ¢ = 1,...,n — U3BECTHOE 3HAUEHUE >KUBOro Beca, u f;, 1 = 1,...,n — npejcka-
3aHHOE 3HAYEHUE KUBOT'O Beca.

Mogenu oby4arorcst Ha rpadudeckom mporeccope Tesla V100 B Teuenune 27 smox. Onrumu-
3aTtop — Adam, ckopocTh 00ydenust — le-5, 3aryxanue Beca — le-5. Pasmep maprum 3amaercs
MaKCUMaJbHO BO3MOXKHBIM B IIpeJiejiaX JIOIMyCTUMOro jauamnaszona sujeonamstu 16 1'6. Momenn
Ka2KJI0i1 10Xu Oy/IeT TeCTUPOBATLCA Ha TECTOBOM HAOOPE NAHHBIX, U B CJIyYae, €CJIU MOJIEJIb UMe-
et menbinuit MAE, gyem na oby4arormeit BbIGOpKe, TO oHa Oyzer coxpaneHa. MAE — s1o cpemastst
abCoOJTIOTHAST OIMOKA MEXKJTy ITPEJICKA3aHHBIM BECOM U UCTUHHBIM 3HaueHueM. B obyuaroriem Ha-
6ope nannabix 48 000 uzobpazkenuii, B recropoM Habope manHubix 11 700 n300parkeHuit ¢ KPyITHbIM
poraTbiM ckOoTOM 123 repedop10BCKUX KOpoB u 96 abepauH-aHIrycc KOpoB. TecToBbiil HAOOD TaH-
HbIX cocTouT u3 31 repedoprO0BCKUX KOPOB U 25 abepauH-aHI'yCcC KOPOB, KOTOPbBIE IIOJIHOCTHIO He
CBABAHBI C TPEHUPOBOYHBIM HAOOPOM JIAHHBIX.

B pabore OBLIN TIOJTy YeHbI PE3YJIHTATHl YaCTU SKCIIEPUMEHTOB, B KOTOPBIX Ha BXOJ| IIPEJ-
JIO?KEHHBIM MOJIESIsIM ¢ TIyOokuM oOydennem mogaBaanch RGB m3obparkenust m kapThl mryOu-
HbI. Pe3ysibraThl IOKa3bIBAIOT, YTO MOJE/N CTAHOBATCH JIydIlle, KOTIa UCIOJIB3YETCS JOIOTHEHIE
JIAHHBIX U TOHKas HACTpoiiKa. B manHoit pabore Mbl ncmosb3oBain Kpome RGB uzobpaskenust u
KapTbl TVIyOUHBI €Ille U IBETHBIe Ipoekinu, u 2.5D mpoexiyu.

PesysnbraThl SKCIEPUMEHTOB IIPUBEICHBI B TaDJI. Mpbr obyvaeM OpuUTHMHAJbHBIE CETH
MRGBDM, MRGB, MDM u npeo6yuennyto EfficientNet (ENET), B kauecTBe BX0/1a HCIIOIB3Y-
eM pasHabie kKomOuHanu RGB uzobpakenuit u kaprel riiyounsl, a Tak:ke RGB npoexiuu u mpo-
eKIuu KapThl TiiyOousbl. B Tad. HpI/IBe,ILeHbI PEe3YJIbTATHI PA3JIUIHBIX METPUK, UCIOTb3YEMbIX
Jist oleHKHU (P HEKTUBHOCTH MOJIE/IM Ha, 00yJAaroIeil U TeCTOBBIX HADOpaX JIaHHBIX. Ta6JIHLLa
COJIEP2KUT UTOTOBYIO TOYHOCTH IPOTHO3UPOBAHUS YKUBOI'O BeCa KPYITHOIO POTATOrO CKOTa, JIJIs
KaxK10#1 iporectupoBanuoit mogeu. [Ipenioxkennas momess MRGBDM ocnoBana na npumene-
uuu RGB npoekiun u npoekiuu KapThl TJIyOUHBI U SBJISIETCS JIYUIeil 10 TOYHOCTU TPOTHO3a, C
nokazarejeM 8.4 mo merpuke MAPE. W3 rabiunbl BugHo, uTo ncnoib3opanne RGB npoexknun

U IPOEKIMK KapThl MOXKET 3HAYUTEIbHO yMeHbIuTh omubku MAE u MAPE. MoxHo cuenaTh
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BBIBOJI, UTO KapTa IIyOUHBI COJIEPYKUT MHOTO TIEHHBIX XapaKTEPUCTUK JIJIs PErpPeccun n300pazke-
uust, B ommuane ot RGB usobpazkenust. [Ipenobyuennass ENET naer xyxke pesyiasrarsr, MAPE
MeHbIte Ha 1.5, gem y mydamreit mogemn MRGBDM ¢ MAPE 8.4.

Tabauiia 1. PesyapraTsl nporanosupoBanus xkusoro seca MAE u MAPE kpymHoro poraroro
CKOTa € TOMOIIBI0 mpeoxkerabx Mogeseit MRGBDM, MRGB, MDM u npeasapureabHo 06y-
gennoil moziesibio EfficientNet (ENET) ma ofyuaroiem u TecToBoM HabOpe JaHHBIX

Bxox Mogers Obyuarorast Tecrosast
MAE | MAPE | MAE | MAPE
MRGBDM | 37.9 9.1 40.1 9.6
Croipeie RGB nzo6paxkenust MRGB 46.9 11.1 50.3 11.9
U KapThl TVIYOUHBI MDM 40.5 9.5 43.5 10.2
ENET 41.1 9.8 43.6 10.4
MRGBDM | 34.2 8.1 35.5 8.4
RGB npoexkiust u npoekiun MRGB 42.5 10.1 45.6 10.8
KapThl TJIyOUHbI MDM 37.6 8.9 39.7 9.4
ENET 38.9 9.2 41.8 9.9

BeCKOHTaKTHOe n3MepeHne Beca I03BOJIAEeT COKOHOMUTDL BpeMdd U H36e}KaTb CcTpecCa y Kpyl-
HOT'O POraToro CKoTa. JlydimMm BapuaHTOM sBjsiercst u3mepenue Beca 1o RGB uzobparkenusm u
KapTe TJIyOUHBI ¢ MPOCTPAHCTBEHHOM WHMpopMalimeit. Bblin ncnoib30BaHbl sl 9KCIIEPUMEHTOB
JBe 6a3bl ¢ KPYIHBIM poraThiM ckKoToM 154 repedoproBckux Kopos u 121 abepauH-aHrycc KOPOB.
Taxzke OBLT UCIIOJIB30BaH AJITOPUTM BBIOOpA KaPOB, HA KOTOPBIX IIPUCYTCTBYET IEJI0€ YKUBOTHOE
B IIPABUJIbHOI OcaHKe, U3 00IIeil M0C/IeI0BATEIbHOCTH N300PAXKEHU ¢ TIOMOIIBI0 METO/IA JIETEK-
TUPOBaHUs O0JIACTU TOJIOBBI, Oelipa U Teja KUBOTHOrO Ha JByxmepHoM RGB uzobpakenuwn.
Oj1HaKO, CYIIECTBYET psifi MPOOJIEM: BAPUATUBHOCTH OKPY2KAIONIEN Cpebl, IMIyMbl U OTCYTCTBUE
YaCTH JAHHBIX, IOJIOYKEHHE B MPOCTPAHCTBE »KUBOTHOIO, OOIIUiI MacmTad, HeOOoJIbImas BHIOOD-
Ka 00ydJaromnx JTaHHbIX, 9TO HEOOXOINMO yUIUTHIBATH OCOOEHHO It OOyUeHMs TJIYOOKHUX ceTeil.
[TosTomMy MBI pazpaboTau psi aJrOpUTMOB IpeaBapuTebHOil 06paboTrku RGB u3obparkenmii
1 KapThl IVIyOMHBI, BKJIOYas, mojgasienne myma Ha RGB um306paxkeHnsix u KapT IJIyOHHBI, BOC-
cTaHOBJIEHE O0JIaKa TOYEK, a Takyke ynaseHnne (poHa m3 objiaka TOUEK M HOPMAJIU3AIUS TO3BI
JKUBOTHOIO, UTO ITO3BOJIMJIO COXPAHUTH WHMOPMAIIUIO O Tejie KPYIHOTO POraTroro CKOTa W WC-
KJIFOUNTh BJIMSIHAE OKPYXKarolei cpenl. 1locite 06paboTku m300parKeHns MOCTYIIAT B MOJIE/b
[IPOTHO3WPOBaHUs Beca. B JlaHHOI craThbe OBLIO IPEJJIoYKEeHO ncob3oBarh RGB mpoekiuio u
MIPOEKINIO KAPThI TVIYOMHBI B KAUeCTBe BXO/a B IIyOOKYI0 HEfPOHHYIO ceTh BMecTO chipbix RGB
n300pakeHuil 1 KapT TJIyOWHBI, YTO MO3BOJIMJIO MOBBICUTH HAJIEXKHOCTH IMTPOTHO3UPOBAHUS YKU-
BOI'O Beca KPYIHOI'O POraroro ckora. Kpome TOro, ¢ moMoImbio ITPOEKINN yIaa0Ch IOJIyIUTh
TPEeXMEpHOE JOMOJIHEHUE JAHHBIX, 9TO MO3BOJIUJIO PACIIUPUTH pasMep BBIOOPKHU JiJisi 0OyUIeHUs
IyOOKUX ceTeil.

B Oytyriiem jij1st MOBBIIEHUST TOYHOCTU PEI'PECCUN N300PAKEHUN MOYKHO UCIIOJIb30BATD [IPE/I-
BapuUTEeIbHO 00paboTaHHOE 00JIAKO TOYEK B KAaIeCTBE BXOJA B IVIYOOKYIO HEHPOHHYIO CETh.

BeckonrakTHOE M3MeEpeHHE XKUBOTO BECA KPYITHOIO POraToro CKOTa MOYKET OBITh HCIOJIB30-
BaHO B CEJILCKOM XO3HCTBE: I OOBLEKTUBHON OIEHKU IJIEMEHHDLIX KHUBOTHBIX B XOjie OOHU-
TUPOBKU; JJI OIEHKN KOMMEPYECKOHl CTOMMOCTH CKOTa IIpU PaboTe ayKIMOHOB CKOTa PA3HBIX

cTpaH; j1st 0OOCHOBAHUS JTaJIbHEHIIIEro NCIOIb30BAHNS MOJIOIHSAKA, B TOM UHCJIE JJIsT OTKOPMAa, C
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MIEPCIIEKTUBON UCKJIIOYEHIST HeOOXOIUMOCTH BBITTOJIHEHNS T€HETHIECKON 9KCIEePTU3hI }KUBOTHBIX;
711 pa3spabOTKU aHAJIOTNOBOM TEXHOJIOTHH OIEHKHU COCTOSIHUS 3I0POBbsSI U IMPOLYKTUBHOCTH YKH-
BOTHBIX Ha MPOMBIINIIEHHBIX MTUIEBOIIECKIX W CBHHOBOIYECKMX KOMILIeKcax. [loTpedburersvu
CO3/TAHHOTO MHTEJIJIEKTYATBHOTO MTPOLYKTa MOTYT CTATh: 1) aCcCOMMAINN MO TOPOJAM CKOTa U CO-
103bl, 3aHUMAIOIINECS PA3BEICHIEM IHCTOIOPOIHBIX KIBOTHBIX; 2) ayKIIHOHBI U PBIHKH YKHBOTO
CKOTa; 3) PecropaTopbl M MarasuHbl, IPUOOPETAIOIINe YKIUBOTHOBOAUECKYIO MIPOLYKINIO; 4) 0T-

KOPMOYHBIE IJIOMIAJIKN U JPyTrUe OPTaHU3alliuy, HIPOBOIAIINE IKCIIEPTU3Y CKOTA.

SaKJ/II0oueHue

B nannoit pabore bLIO U3yYeHO MPUMEHEHUE IVIyOOKUX MOJeNell K 3ajatie perpeccun m3o0-
paXKeHuit Jijisi IPOrHO3UPOBAHUS YKUBOTO BeCa KPYIHOTO POraToro CKOTa. BBUIN MPEeIoyKeHbI
MeTobl st penodbpaborku RGB n3obpaxkenuit u kapThl iyouHbl u co3fganun nsetaoit RGB
npoeknuu u 2.5D KapThl ryOMHBI JJIsi IPOTHO3UPOBAHUS YKUBOI'O Beca HA OCHOBE PErpPecCHH
n300parkeHnit ¢ IMOMOIIBIO METOHOB IIyOOKoro obydenmsi. Kpome Toro, OBLI HCIOJIBL30BAH Me-
TOJ|, TPEXMEPHOHN ayrMeHTAIMH [IBETHOH poeKnuu u 2.5D KapThl IVIyOUHBI ¢ TOMOIIBIO KECTKUX
peobpa3oBannii B BHJIe TPEXMEPHBIX BPAIEHUI U MEpPeMENIeHnii, YTO MO3BOJIUJIO YBEJIUIUTD
OrpaHUYEHHBI HAOOD JMAHHBIX U HOBBICUTH 3D (MEKTUBHOCTD IPOIHO3UPOBAHNUS XKUBOI'O BECA IIPH
HAJIUYIUN BapUAIUil TO3bI, TOJIOXKEHHUSI U MaciiTaba »KUBOTHOrO. boiia motydena omnenka s¢ddek-
TUBHOCTHU TpeyioxkeHHbIX Mozesneit MRGBDM, MRGB, MDM u upegsapurebHO 00yIE€HHYO
mozeab ENET ¢ momotibio MeTo0B TOHKON HACTPOWKY U JOMOJHEHUS JaHHBIX. Pe3yabrars! mo-
Ka3bIBAIOT, ITO MOJE/H CTAHOBSITCS 3 (PEKTUBHEN, KOIJIa UCIOJIB3YETCsI JOMOJTHEHNE JTaHHBIX W
TOHKas HacTpoiika. Jlydieil Momenbio siBisieTcs mnpeiioxkennass moneabr MRGBDM ¢ MAPE
8.4%, ncnonp3yiomas NBETHYI0 TPoeKImio 1 2.5D KapThl riryOounbl. MOKHO ¢Ie1aTh BbIBO, YTO
KapTa rIyOUHBI COJIEPXKUT MHOTO IEHHBIX XapPaKTEPUCTHUK JIJisi perpeccuu m300parKeHuii, B OT/IU-
qne or RGB u30bparkenusi. B moka3aHbl pe3ysibTaThl HA PeaibHBIX HAOOpax IMaHHBIX, KOTO-
pbIe JIEMOHCTPUPYIOT, UTO TipeiozkeHHast Mojeib MRGBDM moxker 1ocTuyb ypOBHS TOYHOCTH
U3MEPEHUs Beca, CPABHUMOIO C TeM, KOTODBIH JIOCTUraeTCs TPAJIUIMOHHBIM B3BelnBanueM. B
OymyIieM ImpemmnoaraeTca mpeaobpaboraTh KapTy IVIyOMHBI, 9TOOBI BBIOpATH TOJBKO 00JIACTH
¢ KUBOTHbIM. Takke B OyJyIeM /Jjis IOBBIIIEHUS TOYHOCTU PErPecCur U300paKeHuil MOYKHO

HCIIO/IH30BAThH 00JIAKO TOYEK B KAYECTBE BXOJA B IVIYOOKYIO HEHPOHHYIO CETh.
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Predicting live weight helps to monitor animal health, effectively conduct genetic selection and determine
optimal time of slaughter. On large farms, accurate and expensive industrial scales are used to measure live weight.
However, a promising alternative to that is estimation of live weight by using morphometric measurements of an
animal and then applying regression equations linking such measurements to live weight. Manual measurements of
animals using a tape measure are time-consuming and stressful for animals. Therefore, computer vision technology
is now increasingly being used for non-contact morphometric measurements. This article proposes a new model
for predicting live weight based on image regression using deep learning techniques. It is shown that, on real
datasets the proposed model achieves weight measurement accuracy with a MAE of 35.5 and MAPE of 8.4 on
the test dataset.
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The article describes modern neural network BERT-based models and considers their application for Natural
Language Processing tasks such as question answering and named entity recognition. The article presents a method
for solving the problem of automatically creating structural models of text documents. The proposed method is
hybrid and is based on jointly utilizing several NLP models. The method builds a structural model of a document
by extracting sentences that correspond to various aspects of the document. Information extraction is performed
by using the BERT Question Answering model with questions that are prepared separately for each aspect. The
answers are filtered via the BERT Named Entity Recognition model and used to generate the contents of each
field of the structural model. The article proposes two algorithms for field content generation: Exclusive answer
choosing algorithm and Generalizing answer forming algorithm, that are used for short and voluminous fields
respectively. The article also describes the software implementation of the proposed method and discusses the
results of experiments conducted to evaluate the quality of the method.
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Introduction

Modern information systems accumulate and process huge volumes of heterogeneous data,
a significant proportion of which are text documents. Such documents are used as an input for
many Natural Language Processing (NLP) tasks that have seen a significant progress in recent
years, mostly due to the development of deep learning technologies.

Many NLP tasks require comparing two text documents. Such tasks include text clustering
(which requires computing the similarity between two documents in order to determine if they
can be put in the same cluster), information retrieval (which involves determining how close a
document is to a user’s query), plagiarism detection and more. In most cases, comparison of the
documents takes into account whole texts of both documents. A typical implementation of such
a comparison involves representing the entire document using a vector model (such as Bag of
Words, TF-IDF, Word2Vec or other embedding models) and comparing vector models of two
documents via various similarity measures such as Cosine Similarity or Word Mover’s Distance.

However, in some specific tasks, when comparing documents, only fragments of their texts
should be taken into account. Here are some of the possible scenarios in which text documents
comparison needs to be performed this way:
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1. Comparison of several scientific articles on the same problem in order to determine the most
efficient solution. In this case, the articles should be compared in terms of the efficiency of
the methods presented.

2. Comparison of several consecutive versions of an official document regulating a certain area
(for instance, a national strategy of Al development) in order to track the development of
technologies that are used to achieve the goals set in the document.

The task of partial comparison can be easily performed on structured documents when each
document is represented by a frame where the fragment of interest is located in a separate field.
However, in case of unstructured documents this task is challenging: the respective fragments
may be located in different parts of documents and may be worded using different terms. A
possible solution to this problem consists of building a structural model of every document
and then comparing the models instead of documents themselves. A structural model of a text
document is a frame, each element of which corresponds to a certain aspect of the document and
each value of an element is a fragment of the text in the document. By “aspect” of the document
we mean a semantic component of the text in the document, corresponding to a certain query.
For instance, in the case of choosing an article that provides the most efficient solution to a
certain problem, the aspect of interest is “Efficiency of the solution” and it can be described by
a query “How good is the quality of the proposed method?”

When analyzing scientific articles, possible aspects to extract are the title and authors of
the article, the goal and relevance of the research, existing and proposed models and methods.
When analyzing national strategies in technical areas, we are interested in other aspects such as
the expected time of the strategy’s implementation and technologies that are used to achieve the
strategy’s goals.

A structural model of a text document is created by detecting fragments of the text in
the document that corresponds to the aspects of interest. Creation of a structural model can
be considered a special case of a general Information Extraction (IE) task which consists of
extracting structured information from unstructured natural language text documents. The
article considers the solution of this problem using modern neural network technologies.

The article is organized as follows. Section [1| presents the formulation of the problem of
creating a structural model of a document as a special case of a general Information Extraction
task. Sectiondescribes existing approaches to Information Extraction task. Sectionis devoted
to the proposed method and describes its steps and technologies used in each of the steps. In
Section |[4| we present a software implementation of the proposed method. Section |5|describes
experiments conducted to evaluate the quality of the proposed method. contains a
brief summary of the results obtained in the work and directions for further research.

1. Formulation of the Problem

The general Information Extraction problem can be formulated as determining a set of frame
instances F' = {f;} and a relation Rp C (F' xS x V') based on a set of text documents D = {d;}.
Each frame instance f; represents a certain entity extracted from text documents. The relation
Rp determines values V of slots S of frame instances F'. The slot values V' are the fragments
extracted from the text documents D.

Various specific Information Extraction tasks fit into this formulation and differ from each
other in terms of what objects are represented with frames. Examples of such tasks are the
extraction of named entities (names, organizations and geographical locations) [1], addresses
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and events [3]. In each of these cases, it is assumed that the analyzed documents D and frame
instances F are related in a one-to-many way as multiple entities may be extracted from each
document. However, the task that is considered in this article requires that for each document
one and only one frame instance is formed — a frame instance that describes the document in a
structured way. The slots of this frame instance should correspond to aspects of the document
that are of interest to a specific task that is being solved. In this regard, we present a more
specific formulation of the problem, taking into account the described requirements.

The task is to determine a set of structural models M = {m;}, i = 1..N,, based on a set of
text documents D = {d;}, where m; is a structural model of the document d;, Ny is the number
of documents (as well as the number of structural models). Each structural model m; is a tuple
m; = (mf ), 5 = 1..N,, where an element mf is a text string that describes the j-th aspect of
the document d;, and N, is the number of aspects of interest. Each text string mf is a fragment
extracted from the text of the document d;. Further, we will also use terms “card” and “fields”

to denote the structural model and its elements respectively.

2. Related Work

Traditionally, Information Extraction tasks are solved mainly using two approaches: rule-
based and probabilistic. However, due to the rapid development of neural networks in recent
years, they have found application in solving various problems of text analysis, including the
problem of Information Extraction. In this section, we will consider both traditional approaches
and the neural network approach.

2.1. Rule-based Approach

Rule-based Information Extraction methods use extraction rules written in a formal
language. An extraction rule imposes a set of restrictions on the analyzed text fragment.
These restrictions may apply to orthographic, morphological, syntactic and semantic features
of separate words, as well as to relations between them. If the text fragment meets the rule’s
restrictions, it is concluded that this fragment contains the sought-for entity. In this case, a new
frame instance is created that represents the extracted entity. Its slots are initialized with some
elements of the text fragment.

Depending on the formal language that is used for writing rules, rule-based Information
Extraction methods can be divided into two categories: propositional and relational [4].
Propositional methods use rules that are written in the language of zero order (propositional)
logic. Expressions in such a language can only include attributes of words and phrases. The most
common attributes are morphological features of words, syntactic roles of words in a sentence,
and semantic classes. Relational methods use rules that are written in the language of first order
logic. In addition to attributes of words and phrases, such rules can describe relations between
them. The most common types of such relations are syntactic and order relations that specify
the syntactic structure of a sentence and the order of phrases within a sentence respectively.

The rules can be written by an expert or generated automatically based on a set of training
examples [5]. Training examples are manually tagged by experts and then are used by the
Information Extraction system to infer extraction rules by generalizing restrictions during the
learning process.

A rule-based approach CLIEL proposed in [6] consists of two stages of processing: organizing
the text in an accessible form and subsequent extraction of information. The basis of the
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mechanism is the recognition of the document layout and the use of a set of grammatical rules to
extract information from commercial law documents. An approach proposed in the paper |7| also
takes into account the structure of the document and uses rules to extract information. First,
the structure of the document is revealed to determine what information should be extracted
from its individual parts. In order to search for the relevant part of the text to extract specific
information, a compact lexical dictionary is used. Second, the text is normalized, tokenized,
tagged using POS Tagger, and information is extracted using templates.

2.2. Probabilistic Approach

Probabilistic Information Extraction methods are based on the construction of probabilistic
models that include observable and hidden variables. Observable variables X correspond to
various features of the analyzed text fragment. Hidden variables Y match elements of the text
fragment to the slots of the frame that represents the entity that is being extracted. When
analyzing a certain text fragment described by features x, the values of hidden variables y are
determined by maximizing the conditional probability P(Y = y|X = z). If the value of this
probability exceeds a certain threshold, a new frame instance is created and its slots are filled
with elements of the text fragment in accordance with y. The probabilistic models are trained
by estimating their parameters using the maximum likelihood method.

Probabilistic Information Extraction methods can use generative or discriminative models.
Generative models are based on calculating the joint probability P(Y = y, X = z) that is then
used to determine the probability P(Y = y|X = z). They include, among others, Naive Bayes
Classifier [8] and Hidden Markov Model [9]. Discriminative models allow to directly determine the
desired conditional probability P(Y = y|X = z). These include Conditional Random Fields [10].

The paper analyzes several probabilistic models that have proven to be particularly
useful for various tasks of extracting meaning from natural language texts. Most prominent
among them are Hidden Markov models (HMMs), stochastic context-free grammars (SCFG),
and maximal entropy (ME).

2.3. Neural Network Approach

The use of traditional methods requires a large amount of linguistic resources: tagged corpus
of texts, dictionaries, thesauri. In order to take into account all the ways in which the aspects of
interest can be described in documents, it is necessary to prepare a large number of rules, which
requires a lot of expert work and a high level of knowledge in the subject area. These problems
can be avoided via the usage of methods based on modern neural network technologies due to
the ability of neural networks to independently determine the feature space when processing the
training corpus of text documents. This technology is called representation learning. It aims to
automatically obtain informative representations of objects from raw data. Hence, preliminary
training of modern language models does not require a detailed tagging of text elements with
features (morphological, syntactic, semantic, and others). As a result of training, the neural
network is able to represent every word with a vector of numbers (so-called “word embedding”),
each of which is a value of some feature selected by the network. Unlike traditional vector models
(such as “bag of words” and TF-IDF), embeddings reflect the semantics of words, and also allow
to evaluate their contextual proximity. Deep learning models trained to form word embeddings
are called pre-trained. The pre-trained models are universal and are used to solve NLP problems
in various subject areas. To solve a specific NLP problem, a pre-trained model needs fine-tuning,
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which requires significantly less data than pre-training. At the moment, ready-to-use datasets are
available for fine-tuning and testing neural network models. Datasets for NLP tasks are usually
taken from the collections of the GLUE benchmark [12].

One of the latest and most ambitious developments in the field of neural network language
models is the BERT model, released in 2018 by Google [13]. Due to the architectural features
of this model, BERT is able to take into account the bidirectional context of words when pre-
training representations, which gives it an advantage over other neural network language models
such as Word2Vec and GloVe [14]. Thus, the model creates different embeddings for homonymous
words, which allows avoiding false interpretations of words in further work with text documents.

BERT model is based on the Transformer architecture and uses the Self-Attention
mechanism, which makes it easy to adapt the model for solving specific NLP tasks by fine-tuning
it on task-relevant input and output data [13]. Fine-tuned BERT-based neural network models
have been used for solving various NLP tasks including the Information Extraction problem. For
instance, the DeepPavlov open source library contains special purpose BERT models configured
to solve the problem of Named Entity Recognition (NER) [15]. Also, the DeepPavlov library
contains a BERT model fine-tuned for extracting relations between objects. Named Entity
Recognition and relation extraction are subtasks of the Information Extraction problem that
have been widely studied by researchers from the perspective of possible use of modern neural
network models [16]. However, the existing methods that have been proposed in this area are
highly specialized and cannot be directly applied to solve the task of building structural models
of text documents.

There has been a tendency to solve various NLP problems by converting them to the
Question-Answering (Q&A) task [17]. For example, the paper proposes using a Q&A model
for extracting named entities. Paper describes multi-turn Q& A method for relation extracting
using question templates. Authors use BERT model as a backbone for the Q&A framework.
Paper implements information extraction system based on the functioning of a Q& A model
proposed by authors and named QAA4IE. Since Q& A-based approach has been proven effective
for solving IE tasks, we decided to use it as a basis for our method for creating structural models

of text documents.

3. The Proposed Method for Creating Structural Models of Text
Documents

In order to build structural models of documents we use BERT based neural network models.
One of them is the Q&A model. It is fine-tuned on the SQuAD (Stanford Question Answering
Dataset) dataset, which consists of questions based on Wikipedia articles, where the answer
to each question is a text fragment of an article [21]. Another model that we use is the NER
model fine-tuned on the OntoNotes dataset, containing marked-up data from various sources
(web blogs, telephone conversations, news feeds) and supporting 18 entity categories [22]. Both
Q&A and NER models are open source and ready to use: BERT Q&A is provided in the official
Google Research github repository and BERT NER can be obtained from the DeepPavlov
open source library [24]. In addition, we use the Sentence-BERT model that generates
sentence embeddings, in contrast to the usual BERT embeddings that are formed for tokens —
words or parts of words contained in the model dictionary. All models are already pre-trained
and fine-tuned, they do not require additional training. All of them are generic English language
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Fig. 1. The concept of application of the used BERT models

models not tailored for any specific domain, whereupon they can be used to process documents
of various types and topics. As a neural network framework PyTorch framework is used [27].

The concept of application of the used BERT models is shown in Fig.

The BERT Q&A model is used to search for pieces of the text in the document that contain
information about certain aspects of the structural model. Since the structural model is presented
as a card with fields, the task of finding information about an aspect of the model becomes the
task of filling in the card field dedicated to this aspect. In this case, the desired content of the
card field can be searched as an answer to some given question that describes the aspect.

As an input sequence, the BERT Q&A model uses the question text and the text to search
for the answer in token format. Due to the specific architecture of the BERT Q&A model, the
size of the input sequence of tokens should not exceed 512 elements. This imposes restrictions on
the length of an input text to search for the answer. Since the model cannot scan the entire text
of the document in search of the answer at once, it is necessary to break the text into fragments
of an appropriate length. In order to prepare the fragments, the text is preliminarily cleared of
formatting characters and divided into sentences. The text fragment is formed by sequentially
adding consecutive sentences until the maximum possible number of tokens is reached.

Sequential forming of the fragments leads to the following problem. A potential answer to
the question can be voluminous, consisting of multiple sentences. In this case, the beginning of
a potential answer may be in one fragment and the ending in the other. There is a risk that the
BERT Q&A model will be able to identify a potential answer from the first fragment, but not
from the other one. In order to reduce the risk of receiving an incomplete answer by the system,
it was decided to allocate text fragments with an overlap on each other.

Not all of the formed fragments actually contain answers to the question. Sometimes the
desired answer (for example, the name of the author of the document) appears in the text only
1 or 2 times. In this case, it can be present in just one text fragment. In order to reduce the
number of text fragments to search for the answer, we filter the fragments using relevant words
that describe the aspect. Further analysis will only consider relevant fragments (that is, fragments

that contain the relevant words).
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The questions that are used to prepare the input of the Q&A model represent the meaning of
the aspect. Using a set of questions instead of just one question can increase the system’s chances
to correctly identify the data we are looking for. Thus, by dividing the text into fragments for
each question from the set, filtering out the relevant ones, using the BERT Q&A model and
combining the results obtained for different questions, it is possible to get an array of answers
that contain information about the aspect.

To make the method adjustable for various domains, the user should be able to define and
customize all of the fields of the document card. This imposes the need to provide a universal and
flexible approach to setting up a field content search, which implies choosing relevant word sets
and questions. However, words in the set should not be too general (in this case, filtering may
be useless) or only specialized (then there may not be relevant text fragments at all). Questions
should be formulated based on the following principles. First, they should be as short as possible
(the size of text fragments depends on the length of the question). Second, they should be specific.
Empirically, it was found that the best result was obtained using questions Who, What, When,
Where. Third, all questions related to the same field should receive the same answer according
to the proposed methodology.

In some cases, we know exactly which type of named entities should be contained in the
answers. For example, when searching for the name of the author of a document, the answers
must explicitly contain an entity of the PER (person’s name) category. For additional filtering
(in order to remove the answers that do not contain a desired entity), it is proposed to use the
BERT NER model. In order to apply this filtering, it is necessary to determine a list of required
named entities for every aspect.

Document card fields can be either short (for example, document title, author’s name) or
voluminous (for example, a list of modern technologies mentioned in the document). In this
regard, it is necessary to use different strategies for processing the received array of answers in
order to form the final content of the card field.

Taking into account the chosen methodology for using the BERT Q&A model and BERT
NER model to form the content of card fields, each field (that is, each aspect of the structural
model) should be provided with the following data:

e a set of questions, the answers to which should be included in the content of a field;

e a set of words which are thematically relevant to the content of the card field;

e a set of categories of named entities (named entities tags);

e a field type mark (short or voluminous).

By determining the set of fields and providing each of them with such data, the proposed
method can be adjusted to different types of documents and various topics.

The full scheme of the proposed concept of using the BERT models to form the content of
the document card field is shown in Fig.

On Stage 1 the data is prepared for processing. The source text of the document, extracted
from the PDF file, is cleaned of formatting characters and split into sentences.

Stage 2 consists of breaking the source text into text fragments for search and forming input
sequences for the BERT Q&A model. The generated fragments are filtered using the relevant
words. If the fragment does not meet the minimum requirements of relevant words, it is discarded
and cannot be used for further analysis.

At Stage 3 the BERT Q&A model is applied to those text fragments that contain the relevant
words. As a result, at Stage 4, an array of answers is received.
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At Stage 5, the answers from the received array are fed to the BERT NER model in order
to search them for named entities of the specified categories. Answers in which entities are not
found are filtered out. As a result, at Stage 6, an array of answers containing the words of the
required categories is obtained.

Stage 7 consists of the formation of the final content of the card field. One of two algorithms
is applied to the array of answers, depending on the type of the field being processed. In the
case of a short field, an exclusive answer choosing algorithm is applied, and in the case of a
voluminous field, a generalizing answer forming algorithm is applied. The visualization of the
proposed algorithms is shown in Fig.

The algorithm for choosing an exclusive answer (Fig. is implemented as follows. A
semantic similarity matrix is formed for the array of answers, where each cell of the matrix
contains the result of comparing two corresponding answers. The comparison is performed by
calculating the cosine measure of similarity between the vector representations of the answers
that are obtained via Sentence-BERT model. For each of the answers, the average value of its
measure of similarity with other answers in the array is calculated. The answer with the highest
average value is chosen as an exclusive answer and used to fill the content of the card field.

The generalizing answer forming algorithm includes the search for duplicate answers in the
array (Fig. . For answers, a similarity matrix is constructed in a similar way. Then, the

numerical values in the cells are converted according to the rule:

0, if Sim;; < S ori=j,
1, if Sim;; > S.
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Fig. 3. The visualization of the proposed algorithms

Here Sim]; is the new content of the cell, Sim;; is the initial value, S is the similarity

threshold valuej set by the user.

Cells containing the ones are grouped, resulting in clusters of duplicate answers. From each
cluster, the best answer is chosen using the algorithm for choosing an exclusive answer that
has been described earlier. After that, for the final array of unique answers, which are words or
phrases, the original full sentences are extracted from the original text of the document. The
concatenation of these sentences is considered as the generalizing answer and used to fill the

content of the card field.

4. Software Implementation of the Proposed Method

In order to test the proposed method we implemented a system for building structural models
of text documents. The system consists of three main blocks shown in Fig. the interface block,
the data processing block and the data storage block.

The interface block serves as the means for the user to interact with the system. Through
this block, the user can upload files for further processing, launch, manage and monitor
data processing, and also view the constructed structural models of documents. The block is
implemented as a Docker container with the apache2 web server running in it, which processes
the requested PHP pages.
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Fig. 4. The block scheme of the system for building structural models of text documents

The data processing block is the core of the system. This block is also implemented as a
separate Docker container with a task scheduler running in it, which periodically checks the
database for new tasks and starts their execution, in particular, the construction of structural
models of documents. Task scheduling and data processing functions are implemented as Python
scripts.

The data storage block serves as a link between the interface block and the data processing
block. Documents uploaded by the user enter the file system, and information about the uploaded
files is recorded in the database. The task scheduler uses the database to store data about
scheduled and running processes. Structural models constructed by the data processing block
are also stored in the database.

5. Experimental Results

We conducted a series of experiments using several sets of documents. The first set was
compiled from scientific articles related to artificial intelligence and data processing that were
presented in recent years at ACM conferences such as ICMLC (machine learning and computing),
IR (information retrieval) and WSDM (web search and data mining). The second set was
compiled from archives of ATAA Journal of Aircraft and ATAA Journal of Spacecraft and Rockets
(about 16,000 articles in total). The articles from the sets were processed using the system and
structural models were generated for each of them.

Before processing the articles, we set up the system by preparing the initial data for 9 fields:
4 short and 5 voluminous. Short fields described the general features of the article (title and
authors) and the conference where it was presented (name and date). Voluminous fields described
various aspects of the article’s content such as the goal and relevance of the research, existing
and proposed models and methods, performance and quality of the proposed methods.

In order to assess the quality of the proposed method, we prepared reference structured
models for the articles by manually extracting fragments of the articles that described the desired
aspects. Then, models generated by the system were compared to models manually prepared by
experts. As the result of the models comparison, the degree of semantic similarity was calculated
for each field. The similarity score takes values from 0 to 1 and shows how well the field value
generated by the system corresponds to the value determined by the expert. The similarity score
for short fields is determined using a Sentence BERT model and a measure of cosine similarity.

The similarity score for voluminous fields is calculated via a modified Jaccard’s binary similarity
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measure as the percentage of similar sentences in the compared texts relative to the total number
of unique sentences in both texts.

Table [1| demonstrates the result of comparison of models generated by the system and
manually prepared by experts. By “good match” we denote a case in which the card field generated
by the system allows to largely learn the respective aspect of the article without reading the article
itself (which empirically corresponds to the similarity score exceeding 0.7). By “partial match”
we denote a case where at least part of the information related to the aspect is present in the
card field generated by the system (which corresponds to the similarity score exceeding 0.3). The
last column of the table (“At least partial matches”) contains the fraction of articles for which the
content of a card field generated by the system fully or partially matches the content prepared by
an expert. We use this value to assess the quality of the structured models built by the system.

Table 1. The result of comparison of models generated by the system and prepared by experts

Field name Type Good Partial | At least partial
matches | matches matches
Title of the article short 21% 31% 52%
Authors of the article short 47% 0 47%
Conference name short 68% 0 68%
Conference date short 68% 0 68%
The goal of the research voluminous 31% 21% 52%
Relevance of the research | voluminous 37% 37% 74%
Existing models/methods | voluminous 26% 37% 63%
Proposed models/methods | voluminous 42% 32% 74%
Performance and quality voluminous 53% 21% 74%

The experiment demonstrated relatively high quality for voluminous fields. The “Relevance
of the research”, “Proposed models and methods” and “Performance and quality” fields were at
least partially correctly recognized for 74% of articles, the “Existing models and methods” field —
for 63% of articles. Further improvement of quality may be achieved by adjusting sets of questions
and words for aspects. In general, the results of the experiment demonstrated the ability of the
system to extract fragments of interest from various unstructured natural language texts in a
uniform manner.

Aspects that had the lowest quality of recognition were: “Title of the article” and “Authors
of the article” (52% and 47% respectively). This is because the proposed method extracts
information based on the proximity of the meaning of the extracted fragment and its context
to the question. However, the title and the list of authors have no context: they are located
separately in a special place of the article. Also, the content of these fields is unique for each
article and cannot be described by a set of questions. Therefore, to extract these aspects, it is
necessary to use other methods based on utilizing information about the structure of the article.

In order to check the versatility of the developed method, we also carried out experiments
using another type of documents, namely national strategies in technical areas such as Artificial
Intelligence. Experiments showed the ability of the system to extract aspects such as goals of the
strategy, organizations responsible for implementation of the strategy and technologies that are

used to achieve the strategy’s goals.
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The experiments were carried out on sets of documents of various sizes (from tens to tens of

thousands of documents). They confirmed the scalability of the system.

Conclusion

In this work, we proposed an Information Extraction method that forms structural models
of text documents. A structural model of a document is a card, each field of which contains text
that describes a certain aspect of the document. The proposed method is based on applying a
Question Answering neural network model to fragments of the text in the document in order to
generate answers that potentially describe the target aspect. The fragments are filtered using sets
of relevant words and lists of required named entities. The array of answers generated by the Q& A
model is used to form a card field of a document. The formation of the field is performed using
one of two algorithms depending on the type of the field. In the case of a short field, an exclusive
answer choosing algorithm is applied, and in the case of a voluminous field, a generalizing answer
forming algorithm is applied.

We presented a system for building structural models of documents that implements the
proposed method. The system allows the user to upload documents, manage their processing
and view the constructed structural models. We analyzed the quality of the proposed method
via an experiment conducted on a set of scientific articles.

We plan to further develop the proposed method in order to overcome the discovered
problems and increase the quality of recognition. We plan to conduct additional experiments
in order to evaluate the contribution of using NER to the quality of information extraction, and
also to compare the proposed method with other approaches such as rule-based and probabilistic
approach.

This paper is a part of the research work carried out within the Bauman Deep Analytics
project of the Priority 2030 program.
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B crarbe onuceiBarorcst coBpemenubie HeiipoceTeBble Mozenn Ha ocHoBe BERT u paccmarpuBaercst ux nmpume-
HeHne i 3a71a9 06paborku ecrectBeHHOro s3bika (NLP), Taknx Kak OTBETHI HA BOIPOCHI U PACTIOZHABAHUE MME-
HOBAHHBIX CYIIHOCTel. B crarbe npejcraBiieH MeToJ PelleHusl 3a/1a9i aBTOMATUYECKOTO CO3/IaHMs CTPYKTYPHBIX
MOJ1eJIeil TEKCTOBBIX JIOKYMEHTOB. [IperaraeMblit MeTo/ siBJIsieTCst TUOPU/IHBIM M OCHOBAaH Ha COBMECTHOM HCIIOJIb-
30BaHUN HecKobKuX Mozesaeit NLP. Meron cTponT CTpyKTYpHYIO MOME/b JTOKYMEHTA, U3BJIEKAs MPETOXKEHNUS,
COOTBETCTBYIOIIME Da3/IMYHBIM acleKTaM JIoKyMeHTa. V3Bieyenne mHbOpManyy OCYIIECTBIISIETCS C UCIIOIb30-
BaHHeM BonpocHO-oTBeTHOI Mozenmun BERT ¢ Bompocamu, mOArOTOBICHHBIME OTAE/IBHO JJISI KaXKJIOTO aCIeKTa.
OTBersl QUIBTPYIOTCA C IMOMOIIBIO MOJEIN DPACIO3HaBaHUs MMeHOBaHHBIX cymHocreii BERT u mcnonssyrorcs
11t POPMUPOBAHUST COJIEPKUMOrO KazKJ[0ro I0JIsl CTPYKTYPHOU MoJzienu. B crarbe IpeiozKeHsl /1Ba aJllOPUTMA
dopMupoBaHus COAEPKUMOrO IOJIsSI — AJTOPUTM BLIOODA MCKJIIOYAIOIIEr0 OTBETA M aJrOpUTM (bOPMUPOBAHUS
0000IAIOIIEr0 OTBETA, KOTOPBIE UCITOJIB3YIOTCA JIJIT KOPOTKUX M OObEMHBIX I10JIE COOTBETCTBEHHO. B crarbe Tak-
2Ke OIMCBHIBAETCSI IIPOrPAMMHAsT PeAJIM3aIHs [IPEJJIAraeMOro MeTOoa U 00CYK/IAI0TCs PE3YIIbTATHl SKCIIEPUMEHTOB,
MPOBEJEHHBIX IS OIEHKHM KadecTBa METO/IA.

Karoueswie caosa: useaevenue unGopmayuu, HeupoHnas cembv, PACNo3HABAHUE UMEHOBAHHBIT cYuyhocmer,
B80NPOCHO-0MBEMHAA CUCTNEMA.
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KauecrBennbre menxodusnosornieckie UCCIIEI0OBAHUs CONPSI?KEHBI C CO3JAHUEM JIOCTYIHBIX M XOPOIIO Op-
raHU30BaHHBIX 0a3 JIAHHBIX, TPEOYIOMUX OOJIBIIYIO MPEIBAPUTEILHYIO paboTy 1o pa3paboTKe U3MEPUTETbHBIX
KOMILJIEKCOB, BKJIIOYAIONINX HE TOJBKO CPEJICTBA /IS M3MEPEHUs MCUXOMU3NOIOTUIECKUX TapaMeTPOB YejI0oBe-
Ka, HO M €ro SMOI[MOHAJILHOI'O COCTOSIHUsI, KOTOPOEe OTOOPAarKaeTCsl B BBIPAXKEHUU JIUIA, PEYU U MTOBEIEHYECKUX
aTTepHAX PECIOHIEHTOB. M3MepuTesbHble KOMIUIEKCHI JIOJI2KHBI TAKKe BKJIIOYATH U CPEACTBA 00pabOTKU IKCIIe-
puMeHTAIFHOTO MaTepuasia. CyTh UCCIETOBAHIS COCTOSIA B POBEISHIHN SKCIEPUMEHTA IO CO3/TAHUIO ITPOTOTHUIIA
6a3bl peYeBBIX JAHHBIX PYCCKOSI3BIYHBIX PECIIOHJIEHTOB, MOy YEHUsI OTBETOB Ha METOINYECKNE BOIPOCHI, BO3HUKA-
Oll[ye y CIIENMAJIMCTOB [P KCIIOJIb30BaHUM 6a3bl [IJIsl 33/1a91 PACIIO3HABAHMS COCTOSIHUS YTOMJIEHUS YeJIOBEKA.
Paspaboran anmapaTHO-TPOrpaMMHBIN KOMILIEKC, TO3BOJISIONINN CHHXPOHHO PETNCTPUPOBATDH ICHXOMPU3NOIOTH-
YecKre MapaMeTphl, BUIEO3AINCH TOBEIEHYECKUX PEAKINI M Ay ro3allich pedn 4dejioBeKa. B KadecTBe Mojen
bHU3MIECKOro yTOMJIEHUsI UCIIOIB30BAJICS KaPAUOPECIIMPATOPHBIN TeCcT ¢ pu3ndeckoil Harpy3koil. Jlo nmpoxoxie-
HUsl U TIOCJIE 3aBEPIIEHUHN TECTa JTOOPOBOJIBILI 3aUUTHIBAIN HAOOP CTAHJIAPTHBIX (POHETUIECKHU TIPEICTABUTETbHBIX
TekcToB. [lomyuennsie ayauozamnucu 06pabaThIBAINCH C MIOMOIIBIO CIENUAIN3NPOBAHHON HEHPOHHOM CETH, CIIOCO0-
HOIl aHAJIM3MPOBATDH MHTEIPAJIbHbIE CIEKTPAJbHBIE XaPAKTEPUCTUKH 3BYKa. Pe3yIbTarsl 9KCIEepUMeHTa, TOKa3a/ Il
BO3MOYKHOCTH PACIIO3HABAHUSI COCTOSIHUS YTOMJICHUS YEJIOBEKA 10 €r0 PEYH, UTO MO3BOJISIET MEPEHTH K CO3/IaHMIIO
6OJIBITIOTO GaHKA ayqUO3aInceil U COBEPIIEHCTBOBAHUIO AJITOPUTMOB PACIIO3HABAHUST COCTOSTHUS YTOMJICHIS.

Karoueswie caosa: pacno3nasarue Yymomaenus, 0a3a Devesuir O0GHHIT, UHCTMPYMEHMAALHOLL KOMNAEKC,
KapOUO-pecnupPamoprovill Mecm, mawurhoe obyuenue, 2aybokas HeupoHHas cemy.
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BBenenue

Pabora crnermanncros oneparopHoro npodusist (Janee — CHEUAINCTOB) XapaKTepu3yercs
HaIPs2KEHNEM BHUMAHUS ¢ HEOOXOIMMOCTBIO €r0 MEPEKTIOUEHNS, & TAKXKEe HEPBHO-IICUXUIECKIM
HaIPSAXKEHUEM B CBA3U C BBICOKON OTBETCTBEHHOCTHIO 33 PE3Y/ILTATHI JIesiTeIbHOCTH. Bhicokne Ha-
IPY3KH BEJYT K PA3BUTHIO ¥ TAKUX CIEIUAJICTOB COCTOSHUS YTOMJIEHUS], YTO COIIPS?KEHO C yI'PO-
3011 IPOITyCKa 3HAYUMbIX CUTHAJIOB 1 HEMOTHUBUPOBAHHOI'O pearupoBaHnsd Ha CUT'HAJIbI JIOZKHDbIE.
[TosTOMYy KOHTDOJIb 3a pa3sBUTHEM yTOMJIEHHSI Y CIIEIIMAJUCTOB B IIPOIECCE MX MPO(eCCHOHAThb-
HOII JIeITETbHOCTH SIBJISIETCSI aKTyaIbHOM 3ajaqeit. OHAKO pelleHne JaHHON 3a/1a91 COIPSIZKEHO
C PAIOM IIpobeM:

— MOJIeJINPOBAHUE YCJIOBUI TPY/JIa CHEIUAJNACTA B OOJIBIIIMHCTBE CJIydaeB HE COOTBETCTBYET
PEAJIbHBIM YCJIOBHUSIM €TI0 JIeSITe/IbHOCTH;

— IOIBITKA IIPOBECTH KAKUE-JTHOO U3MEPEHUs B IIPOIECCe TPYIAOBOH JEsITeIbHOCTH C IEJIBIO
omnpeesinThb ee 3PHEKTUBHOCTD, MIPEJICTABIISIET TOMeXY paboTe CIIEeINauCTa;

— MPOTHOCTUYECKAS [EHHOCTH CYIIECTBYIONIUX MATEMATHKO-CTATUCTUIECKUX MOJIEJIel OIeH-
KU PabOTOCIIOCOOHOCTH CIIEIIUAJIUCTA HEBEJIUKA B CUJIYy OI'DAHUYEHUIN, HAKJ/IAJBIBAEMBIX B
OOJIBIIIUHCTBE CJIy9YaeB HEOOIBIINMHI PasMepaMi U3yIeHHBIX BHIOOPOK.

B nacrosiiiee BpeMsi aKTUBHO DPa3BUBAIOTCS METOJIbI PACIO3HABAHUS COCTOSHUS YEJIOBEKA

110 pevu, n300PaKeHUIO U MOBEJICHUIO, PEAJM3yeMble C IIOMOIIBIO CUCTEM aBTOMATU3UPOBAHHOM
OIIEHKU C IIPUMEHEHNEeM HEHPOHHBIX ceTeil . Takue cucTeMbl IO3BOJISIIOT OIEHUBATH COCTOSHUS
YeJIOBEKa JUCTAHIIMOHHO, HE OTPBIBAs €r0 OT IPUBBIYHOM JIeATEIbHOCTH, HAIIPUMED, OT YIIPaB-
JIEHUSI aBTOMOOIJIEM.

ﬂf[f{ perucrpanu COCTOAHNA YTOMJIEHUSA Ye€/IOBEKa IMEPCIHEKTUBHBIM ABJIAECTCH pequoﬁ Ka-
Has1. OH IPoOCT, HEJIOPOI' U B HAUMEHbBIIIEH CTEleHN I0IBEPXKEH NCKAYKEHUSIM BO BPEMSI PErUCTPa-
[UU, TI0 CPABHEHUIO C 3aIIUCHI0 BUJIEO WM (PUBNOJIOTTIECKUX TOKA3ATEIEN.

Uccnenoparenbckass aKTUBHOCTD, MTOCBSIIIIEHHAST aHAJM3Y PEJd YeJIOBEKA COCPEOTOYEHA B
HECKOJIbKIX OCHOBHBIX HAIIPABJICHUSIX.

[TepBoe HAIIpaBIEHUE COMPSIZKEHO € COBEPIIEHCTBOBAHUEM AJTOPUTMOB 00pabOTKUA PEUEBOTO
CUTHAJIA. DTO HAIPABJIEHHE BKJIIOYAET COBEPIIEHCTBOBAHUE IPOIPAMMHBIX MUHCTPYMEHTOB JIJIst
BHU3YAJIU3AIMYE PEUEBOTO CUTHAJIA U pacdeTa €ro XapaKTEPHBIX MPU3HAKOB, UTO PEAJM3IYETCS B
JaCTHOCTH B TaKWX cucremax Kak PRAAT , ISIP , openSmile . K coepmencrBoBanmio
AJITOPUTMOB 00PAbOTKN PEYEBOr0 CUT'HAJIA MBI OTHOCHM TaKKe PabOTy 10 aJIallTallid COBPEMEH-
HBIX aJIFOPUTMOB MAITUHHOIO O0yYeHUs [JIsi PelleHus 3a/a4 aHaAJIN3a pedn .

Bropoe mampasisienne cBst3aHO ¢ Pa3zpabOTKON aJrOPUTMOB M TEOPETUYECKUX IOJXOI0B K
pPACIIO3HABAHUIO PA3JIMYHBIX COCTOSHUI U ITATOJIOTUi YeJ0BeKa Ha OCHOBe aHaJm3a ero peudn. K
9TOMY HaIpPaBJIEHIIO MOXKHO OTHECTH PACIIO3HABAHUE PA3JIMIHBIX 3MOIMOHAJIBHBIX COCTOSIHUI, a
TaK>Ke OTKJIOHEHU OT HOPMAJIBHBIX IICUXUYECCKUX 1 (1)I/I3I/IO.HOFI/I“IGCKI/IX COCTOSTHUIA.

Tperne nanpasienune, ocoOeHHO BaykHOe B obyiacTu obecrievenus 6€30IACHOCTH TPYIA CIie-
[UAJIICTOB OIIEPATOPCKOIO MPOMUIIS JIeITETbHOCTH, BKIIOYAET OBICTPYIO U HAJEKHYIO OIEHKY
OTJEe/JIbHBIX COCTOSIHUIA JeJIOBEKa, CBA3aHHbLIX C HUCIIOJITHEHUEM UM CBOUX beHKL[I/IOHaJH)HbIX 065{-
3aHHOCTEN B IIPOIECCe JIeSITEbHOCTH, B TOM YHUCJIE COCTOSTHUST YTOMJICHUST @

Bwmecte ¢ Tem, OCHOBHOII 1Tp0o0JIEMOil [JIJTsT UCCIEIOBATEICH SIBJISICTCS HAJIMINE KAUeCTBEHHBIX
HabOPOB PEYEBBbIX JAHHBIX WK 6a3 pedeBbiX JaHHBIX (nanee — BPJI), cocraBisiionux oCHOBY
MaIIMHHOTO 00y4eHusi. TPyIoeMKOCTh 3TOi TPOOJIEMBI COCTOUT TOM, UTO JJIsi KAXKIOTO S3BIKA
Heobxo Mo co3naBaTh cBou BPJI. B wactHocTH, yke paspaboTanbl 6a3bl JAHHBIX, COJIEPIKAIITIE

0OJIBIIIOE KOJIMYECTBO 3allnceil pedn JUKTOPOB, BbIPpazKalOoIIUX HeﬁTpaJIbeIe, IIOJIOZKUTEJIbHBIC
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JinbO OTPUIATEILHBIE SMOIUU. DTU 6a3bl JTAHHBIX CYIIECTBYIOT B CBOOOIHOM JOCTYIIE U CJIY2KAT
B KAQYECTBE UCTOYHMKA TAJOHHBIX CUTHAJIOB JJIs PACIIO3HABAHUs dMOIUil B rosioce. OJIHAKO 3TH
BPII comepkar aHIUACKYIO, HEMENKYIO, UTAIbSIHCKYIO PEYb , [IPA 9TOM PYCCKOAZBITHOM
BPJI ¢ OTKPBITBIM TOCTYIIOM TOKA HE IPEICTABJICHO.

B nacrosiee Bpemst paspaboTaHO 3HAYNTEIHLHOE YUCIO AJITOPUTMOB 00pabOTKH pedn, n3yte-
HbI XapaKTEPUCTUKH I'0JIOCA, BBISIBJIEHBI PeYeBbIe ITapaMeTPhl, KOTOPbIE CIIOCOOHBI BADbUPOBATH B
3aBUCUMOCTH OT (PYHKIIMOHAJBHOTO W 9MOIIMOHAIBHOTO COCTOsIHUST UejioBeKa. OIHAKO CO3JIaHue
AJITOPUTMOB, TO3BOJIAIONINX PACIIO3HATH YTOMJIEHUE YeJI0OBEKA 110 IO PeUn B IIpoliecce mpodeccu-
OHAJILHOM JIeATeIbHOCTH, HAXOIUTCS Ha, dTalle Pa3pabOTKH IIPEXK e BCETO 0 IPUINHE TPYTHOCTEH
MOJICJTUPOBAHUS COCTOAHUST yTOMJIeHUs dejioBeka. s cozmanus takoit BP/L tpebyioTcsa oTBeTh
Ha CJIEJIYIOIINE METOIUIECKUE BOIIPOCHL:

1. Kak Moyie/iupoBaTh yTOMJIEHHE W UTO SIBJISIETCSI JOCTOBEPHBIM KPUTEPUEM HACTYILJIEHUS CO-

CTOSTHUST Yy TOMJICHUST !

2. Kakue TeKCThI JOJKHBL OBITH UCIIOJIb30BAHbBL JJIsT YTEHUS !

Kakoit jyinreibHOCTH JOJIKHBI OBITH pedeBbie (DPArMEHThI, JOCTATOYHBIE JIJIsi PACIIO3HABA~

HUsI COCTOSIHUST YTOMJICHUS !

4. MukpodoHbI KAKOTO Ka4eCcTBa HEOOXOUMO UCIIOIH30BATE JJIsl 3aIUCH PEYN U KAKOW yPOBEHb

«OorpybJIeHIsT» UCXOIHBIX JAHHBIX JOIIYCTUM IIPU O0ydeHun?

CyTp nHacrosmeil paboTbl COCTOsSa B IPOBEJEHUN IKCIIEPUMEHTA 10 CO3JAHUIO IIPOTOTHU-
na BPJl pyccKoS3BIMHBIX PECIOHIEHTOB C IIEJIbIO IOJIyYeHHsI OTBETOB Ha BBIIIEIEPEUNCICHHBIE
Bonpochl. OCHOBHBIE YCH/INs OBLJIM HAIIPABJIEHBI HA PeaU3allii0 3aKOHYEHHOTO IIPOIECca pacIio-
3HaBaHUs YTOMJIEHUs, BKJIIOYAIONIEr0 MOJA00D TEKCTOB IJjIsl YTE€HUs PECIOHICHTOB, pa3pabOTKy
aImnapaTHO-IIPOrPAMMHOIO UHCTPYMEHTAPHUs, [IPOBEIEHIE CAMOTO SKCIIEPUMEHTA, OPTaHU3AIINIO
PErucTpupyeMbIX JAHHBIX, (DOPMHUPOBaHUE O0YdJArOIIeil BBIOOPDKU C PEYEeBBIMHU CUTHAJIAMU pe-
CIIOHJIEHTOB, ee IipeodbpazoBanue B nporotun BPJI u, B MeHbieil crerenu, Ha aHaJIn3 U BLIOOD
aJITOPUTMOB PACIIO3HABAHUA PEUM, TAK KAK B 3TOM BOIIPOCE BO3ZMOXKHO OMUPATLCA Ha YK€ T'OTO-
BbI€ U IIPOBEPEHHBIE MOJIEIH.

B pazuene paCCManI/IBaIOTCH OCHOBHBIE METOJbI U CPEJCTBA U3BJIEUCHUS MEPBUIHON WH-
dopmaruu. lasee B pa3aeﬂeanBeﬂeHa KpaTKasi XapaKTePUCTUKA Pa3pabOTAHHOTO KOMILJIEKCA.
PaS,ILeJIbIHOCBHHLeHbI Ju3aitHy, 06paboTKe U 00CYXKJIEHUIO PE3yJIbTATOB MIPOBEJIEHUS IKCIIe-

puMeHTa COOTBETCTBEHHO. OcHOBHBIE BBIBOJIbI pa60T1>1 MN3JI02KCHBbI B 3aKJIIOYCHUU.

1. Marepuanabl 1 METOAbI

OCHOBY 9KCIIEpUMEHTa, COCTaBUJIa CHHXPOHHAsSI PErHCTPAIldsl PeYU B IPOIEecce UTeHUsl J100-
POBOJIBIIEM CTAHIAPTHBIX (DOHETUUECKU ITPEICTABUTEIbHBIX TEKCTOB. B 9KCIEpUMEHTE IPUHSIO
yuaacrue 9 j106pOBOJIBIER (3/I0POBbIE My?KUNHBI B Bo3pacTe 2225 jier), nojnucapumx nHbOpMu-
poBarHoe coriacue. OuH 13 JOOPOBOJIBIEB MPUHSIT YIaCTHE B SKCIIEPUMEHTE JBaXKIbl. B Xo-
Jle KaxKJIOrO MCCJIeI0BaHusl JI0OPOBOJIEI YUTaJl TPU CTAHJIAPTHBIX TEKCTa («KOMAHJIHBIA TEKCT»,
«IIPO3a», «CTUX») JIO U TOCae HArpy3ku. TakuM o6pa3oB, ObLIO 1m0y deHO 30 MCXOMHBIX ay/IHo-
3alucen.

utst MosteIMpoBaHyst yTOMIIEHHS HCIIOJIb30BaIN Kapuopecinuparophsrit rect (KaPen) ¢ mak-
CUMaJIbHOM (pU3MIecKOil HArpy3KOil, BBIIOJIHIEMbIN JJ0OPOBOJIbIIAMI Ha Bejiospromerpe Ergoline,
[IPU 9TOM KOHTPOJIMPOBAJIH KAP/INOPECIIUPATOPHBIE U MeTabOIMYECKIEe TapAMETPBI JJ0OPOBOJIBIIER

¢ TOMOIIBIO dprocrunpomerpraeckoro komiaekca MetaLyser (Cortex, Iepmammst).
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s 3anucu pedu OJHOBPEMEHHO UCIIOJIb30BAJIOCh JIBa MUKPOQOHA: TPOhECCHOHATIBHBINA MU-

LI

HUATIOPHBIH eTnunbiit Mukpodon AKG C 41 U BBICOKOYYBCTBUTEJIbHBII METPOJIOrTICCKUA
mukpodor PCB 378 A14 cosmectro ¢ yennuresmem PCB 482C. [l ananoro-mindposoro mpeobpa-
30BaHUs 3BYKOBOI'O CHT'HAJIa MUKPOMOHOB HCIOJH30BAJIACh BHENTHSSA IByXKaHAJIbHAS 3ByKOBas
kapra M-AUDIO M-Track Plus (MKII).

g pacriosHaBaHus PaCCMATPUBAEMbIX COCTOSHUN yTOMJIEHHS JOOPOBOJIBIIEB MCIIOIB30-
BaJlach IIyOOKas HEHpOHHAs CeThb C TOIOJIOrHEell aBTOIHKOEpa pean30BaHHAs B OMOIMOTEKE
auDeep @ ABTO3HKOIEp peasm30BaH ¢ nmomorbio 6udbanoreku TensorFlow Bepcun 1.15. O6yde-

Hue T1yOOKOI HEePOHHOW ceTu BBINOJIHIOCH Ha rpadudeckoir kapre NVIDIA Quadro M4000.

2. Kparkasa xapaKTepucTUKa pa3paboTaHHOIO KOMILJIEKCA
nist dpopmupoBanusa BP/I

KoMIteke mocTpoen mo apXuTeKType «KJIUEHT-CEPBEP» U COCTOUT M3 HECKOJIBKIX 3JIEMEHTOB,
00BEMHEHHBIX B JIOKAJIbHYIO KOMIBIOTEPHYIO CETh, BKJIIOYAIONLYIO 06a3y JMaHHBIX, PA3MEIIEHHYIO
Ha oTHesbHOM cepBepe B CYBJL MySQL 5.8 u cojepxKaiiyto Bce cobupaemble JaHHbIE .

st yaaIeHHOro yIpaB/eHus 9KCIEPUMEHTOM U JIOCTyIIa K TabJuiaM U moJisiM 0a3bl JTaH-
HBIX UCIIOJIH30BAJINCH CJIELYIOIIME SJIEMEHTHI KOMILJIEKCA: TEPMUHAJ OllEpaTopa JIs yAAJECHHOTO
yIPaBJIEHUS TIOKA30M TEKCTOB W 3aIIUCHIO PEYr J0OPOBOJIbIIA; IPOrpaMMa JJIs 3aIlUCUH PEeYH J00-
POBOJIbITa IO KOMaHaM OllepaTOopa; IIporpaMMa, BBIIIOJHAIONIaAd 110 KOMaH/JdaM ollepaTopa ITOKa3
CHARIOB ¢ TEKCTOM Ha IPOEKTOPE JJIs UX IIPOYTEHU JOOPOBOJILIIEM.

Cdopmuposannas 6a3a JAHHLIX B LEJI0M, KPOME CLHEHAPHUEB U JAHHBIX O J0OPOBOJILIAX, CO-
JIEPKUT TaK2Ke OINMCAHUS KJIACCOB COCTOSHUN YTOMJIEHHS U TEKCTBI, YUTaeMble JOOPOBOJIbLIIAMU.
Onucanne KazkJI0ro SKCIIePUMEHTa BKJIIOUAET: Peaau3yeMblil clieHapuil, naeHTuduKkaTrop m06po-
BOJIBIIA, ATy IPOBEICHUS SKCIICPUMEHTA, pedeBhble (hailyIbl.

Crpykrypa paspaboranHoro web-cepBuca Jijisg JOCTyIa K TaOJIUIAM U MOJIAM 0a3bl JaHHBIX

IIpUBEJIeHa Ha PUC.
3. MoaeaupoBaHue COCTOSHUS yTOMJIEHUS YeJIOBEKA

B kauecTBe Mozeielt yToMIeHnsT OOBITHO UCIIOIB3YIOTCI MOJE/b JICPUBAIIUN CHA, , a Tak-
2Ke MOJIeJIb ITPeIbsiBJIEHNST MEHTAJIbHON HAIPY3KU, HAIIPUMED TECThI Ha IMePEKJIFOUeHINe BHUMAHMST
b0 pereHne apudmerndeckux 3aaad B Tedenne 100-180 MuHyT . Takum obpazom, 1J1st
MOJIEJIUPOBAaHUsI YMCTBEHHOT'O YTOMJIEHUsT TPeOyeTcsl 3HAYUTE/IbHOE BPEMsl, KPOME TOI'0, METOIbI
MOJIEJIUPOBaHUsI YMCTBEHHOM HAI'PY3KHU CJIOXKHO CTaHIAPTU3UPOoBaTh. IlosToMy B maHHOi pabore
OBLIIO MCIIOJIHL30BAHO (PU3UIECKOE YTOMJIEHUE, MOJASINPOBATHL KOTOPOE JIOCTATOYHO IIPOCTO, IIPO-
BeJlsI TECT ¢ MAKCUMAaJIbHON (PUBMIECKOil HArPY3KOM «JI0 OTKa3ay.

JlamHasg Momeab He Tpebyer 3aTpar OOJIBIIION0 KOJUYIECTBA BpeMeHU. BBIJI0 IoKa3aHO, ITO
3JIEKTpOMHUOTpadUIeCcKe TPU3HAKN YTOMJIEHUS MBIIII TP (pU3NIECKOl HArpy3Ke COOTBETCTBY-
IOT JOCTUXKEHUIO 9eJIOBEKOM aHa’IPOOHOTO MOpOora . Jliobast Harpyska, yMcTBeHHas 00 -
3WYeCKasl, BbI3bIBACT sIBJICHUST YTOMJIEHUSI, XapaKTePUIYIOInecs n3MeHeHneM (PyHKITHOHATHLHOTO
COCTOsIHMSI OPraHU3Ma JYeI0BeKa ¢ IpeobIiaJlaHneM IIPOIeccoB BO30y K ieHus aubo (dale Beero)
TOPMOXKEHUS B IIEHTPAJILHOI HEPBHOH cucreme. DTH IPOIECChl OKA3BIBAIOT BINUSHUE Ha CBOMCTBA,
pedn uejioBeKa, IMOCKOJIbKY PeUb PEryupyeTcs IeHTPaJibHOM HepBHO# cuctemoii. Takum obpa-
30M, MOJE/b (PUBUIECKOTO YTOMJICHUS HA JIAHHOM JTAIE MOYXKET CIUTATHCS aJI€KBATHON, IIPU STOM

HanboJIee TTPOCTO BOCITPOU3BOINMOIA.
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AcGasnenwe Texcra

LobasneHne SKCNEpUMEnTa

Hasnaine | Nata [ — |
CueHapuii
W3mepenne Terct Harpyska CocToRHne
N3MP (30) + Bupeo CocToAHWE Nepef| NpoREASHNEM TecTa
nvua + Nuana KaPeH Ha dinanyeckoe yToMneHne
Ayave + Bugeo nuua CocToAHWe Nepef NpoReNSHNEM TecTa

TekeT_v00
+ Ouana KaPeH Ha duzuyeckoe yToMmNeHHe

3 KaPeH COCTOAHWE HACTYMNHBWEr O PUIMYECKOro
KaPeH Tect -
TECT yTomnexna (Tect KaPeH)

Ayano + Briaec svua CocToAHNE NOCNE PN3NHECKOrN0 YTOMAEHNA
Terct_v00
+ Owana - [vepes 3 muH)

N3MP (30) + Buneo B _ COCTOAHWE NOCAE HN3VHECKOND YTOMAEHNA
nvua + fnaka {10 Man)

Puc. 1. Unrepdeiicer web-cepBuca s gocryma K 6a3e TaHHBIX

B kavecrBe Harpy304Horo ycrpoiicrsa B Kapauopeciuparopaom tecre (KaPen) ncnosnbzosa-
JIX BEJIOPTOMETP, IMOCKOJIbKY OH ITO3BOJIsIeT HanboJIee TOUHO JI03UPOBATH (DU3UIECKYIO0 HATPY3KY.
Tecr BrItOuaeT B cebst asbl MOKost (2 MUHYTHI), pasorpesa (2 MUHYTHI), HArPY3KH (MHIMBUILY-
aJIbHOE BpeMsi) U BoccTaHOBiIeHUs (1 MuHyTA).

Hobposouier Kpy T ejasm co ckopoctbio 60 06 /mun. Vexonnast Harpyska cocrasuia 20 Br,
3aTeM OHA IJIABHO BO3pacTasia co ckopoctbio 20 Br/mun. KoHTpo/mMpoBaaoch 1ocTHzKeHIe aHAd-
po6uoro mopora (AIl), KpurepusiMu KOTOPOro CUUTAIOTCS CJISYIOIHE COObITUsT: 1) BEHTUIISIIHSI
o yrirekucjomy razy VCOs HauMHAET HMPEBBINATh BEHTUISIUIO 110 Kucjopogy VOsg, coorser-
CTBEHHO 3Ha4YeHue JpIxareabHoro Koaddunuenra (1K) cranoBurest 6osee 1; 2) BEHTUIISIIMOHHBII
sKBuUBaJieHT 110 Kucygopoay VE/VOsg, ObIBIIMI OTHOCHTEIBHO MOCTOSHHBIM, HAYUHAET PACTH 32
CYeT TUIIEPBEHTU/ISINN; JJOCTUTaeT s TouKa nepekpecra jinnuii perpeccun VOg u VCOq 3a cuer
pocta VCOsq .

JlobpoBoJtert BLIOIHST paboTy Ha BeJ0IProMerpe JI0 JOCTUKEHUs UM MaKCHMAJIbLHO ITepe-
HOCHUMOI (pUBUIECKON HArPY3KH, IIPU 3TOM JIOCTHXKEHHE aHAaIPOOHOTO IOPOra JT0OPOBOJIBIIEM Pac-
[EHUBAJIOCh KaK OObEKTUBHOE ITOJITBEPKIEHIE PA3BUTUSI Y HENO COCTOSTHUS (PU3MIECKOTO YTOM-
JIEHUSI.

UccnmenoBanust TpOBOIUIINCH B YTPEHHUE YACHI, B CIEIUAJIBHO 000OPYI0BAHHOM ITOMEICHUH.
Bce mocToponnue 1myMbl B 3T0 BpeMs ObLH yeTpaHeHbl. JJoOPOBOIBIIbI TPUXOIUIA OTIOXHY BIITH-
mu. [lepe HagaI0M KaXk10r0 UCCIIOBAHUS ITPOBOIUIOCH X AHKETUPOBAHUE C IIOMOIIBIO AaHKETI
CAH (camouyBcTBHE, AKTUBHOCTD, HACTPOEHME). B ciydae MJI0XOro caModyBCTBHsI JJ0OPOBOJIE
K UCCJIEJIOBAHUIO HE JOMYCKAJICS.

B xoj1e akcriepuMeHTa perucTpUpOBAJIH JIBA COCTOSHUS JIOOPOBOJIBIA: COCTOSIHUAE TIEPE]] MO-
JleIUpOBaHueM (PU3NIECKOrO yTOMJICHHsI (COCTOSTHUE «HE YTOMJIEH», jiajee — Sp) U COCTOSTHUE

nocsie pU3NIECKOro yroMieHus (depe3 3 MUHYTHI) (COCTOSIHHE «yTOMJIEH», najnee — Sz). Ile-
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PeJI IPE/IbIBJICHUEM HAI'PY30YHOIO TECTA U Yepe3 3 MUHYTHI [I0CJIE €0 3aBepPIeHus JJ0OPOBOJIeI]
YUTAJ CHEIUAJBHO TOJIIOTOBJIEHHBINH TEKCT.

Beibop TekcTa jiiist aTeHust JOOPOBOJIBIEM IIPEJICTABIIAN OTJIEIbHYIO UCCIEIOBATEIHCKYIO 3a-
nagy. Ha mMomeHT nccienoBanusi He ObLIO KAKUX-JUOO JTOCTOBEPHBIX CBEJIEHUI O TOM, UTEHUE
KaKOro THIA TeKCTa (KOMAHIHOIO, CTUXOTBOPHOIO U T.JI.) MOXKET OBITh IyBCTBUTEJILHO K BbISB-
JIEHWIO COCTOSTHUSI «yToMJIeH». [losToMy 6611 chOPMUPOBAH €IUHBIH TEKCT, COCTOATINN U3 HEOOIb-
IO TPEHUPOBOYHON YaCTU U TPEX IEJIEBbIX YaCTe:

— 4acTb 1 («TPEHUPOBOUHBIN TEKCT» ) cojeprKasa Heckosbko koman u3 I'OCT 16600-72 mis
OIEHKN CPeJICTB cBsi3u (pasmep — 131 3HaK);

— 49acThb 2 («KOMaH/HBIH TEKCT» ) cojieprKalia 6oJiblee KoJn4iecTBo KoMan 1 u3 Toro ke ['OCT;

— uacTb 3 («1posar) couepxkaia dpparmeHT hOHETHUECKH PEJICTABUTEILHOIO TEKCTA,

— uacTb 4 («cTux») cojepxaia GparMeHT hOHETHUECKH TIPEJICTABATELHOIO CTUXOTBOPHOIO
TEKCTA.

Ncxoublit TEKCT aBTOMATHYIECKHT PAa30UBaJICs Ha HEOOJIBIINE U XOPOIIO BUIUMBIE JI0OPOBOJIb-
1y (pparMeHThl, KOTOphie TOT unuTaj. 1lo Mepe uTeHus: onepaTop KOMILJIEKCA JTaBajl KOMAHIY Ha
[PEeIbsABICHUE CJIEYIONEro pparMeHTa TakuM 00pa3oM, YToObl He CHUKAaJIcA Temn dreHusi. [Ipu
CcMeHe KaXKJIoro (pparMeHTa aBTOMATHIECKN 3aIlUCHIBAJIOCH BPEMS OTHOCUTEJIHHO HAYAJA ayIHO-
zarmcu. [IpemiozkeHHbIil T07X0 1 XOPOIo cebs 3apeKOMEHI0BAJ JJIs CJydasi YTeHUs U JajbHeil-
IIIEro pa3je/IeHnsl TEKCTOB PA3HBIX TUIIOB BHYTPH €UHOTO TEKCTOBOTO JIOKYMEHTA, IIPEIbsBIIse-

MOTI'O JJId YTCHUA.

4. OOpaboTKa pe3yJibTaTOB MUCCJIEe0BAHUS

Jlist perienust 3a/a9u paclio3HABAHMS yTOMJIEHUS UeJIOBEKa OblLiTa MCIIOJIb30BaHa IIyOoKast
HeflpOHHAas CeTh C TOIMOJIOTHEH aBTOIHKOIEpa, pealn3oBaHHas B bubanoreke auDeep E] Bri6op
yKa3aHHOI OMOJIMOTEKH OIPeIesica HECKOIbKIMI 00CTOATeIbCTBaMI. Bo-TIepBBIX, OHa ITOKa3a-
JIa, BBICOKYIO TOYHOCTD KJIacCUPUKAINN aKycTuuecKux ciieH Koukypca IEEE AASP mo obuapyxe-
HUIO U Kjaccudukanun akycrundeckux ciuet u coobrruii (DCASE 2017) @ Bo-BTopnIx, oHa ocy-
IIIECTB/ISIET 3HAUNTEIbHBIN 00beM TPeodpa30BaHmii, CBI3AHHBIX C KOPPEKTHBIM ITPeodpa30BAHIEM
UCXOJIHBIX ayinodaitiioB B n300parkeHusi, mocTynamime Ha Bxoj oubsmorekun TensorFlow 1.15
U, COOTBETCTBEHHO, C KCIIOPTOM CreHepupoBaHHbIX pu3Hakos B ¢popmar CSV/ARFF.

ITocnemoBaTebHOCTD IPUMEHEHHUsT pACCMaTPUBAEMOIt TITYOOKOM HEIPOHHOM CeTH JIIsT 3a AN
pAacCIIO3HABAHUY YTOMJIEHUS YEJIOBEKA 10 PedH IIPEJICTaB/IeHa Ha PHUC. .

Oma COCTOUT U3 IIECTU ITAIIOB:

1. Tloxroroska obyuatoriero vabopa jganubix (anri. dataset) — o6pa3ioB peUYeBbIX CUTHAJIOB C
MeTKaMU KJaccoB yromseHus (S u S2) juist «paboThl» ¢ HefipOoHHOI ceTbio. OOBIYHO Takast
ITOJITOTOBKA COCTOUT B «O(OPMJIEHUN» STOr0 HADOPA JAHHBIX B COOTBETCTBUU C TPeOOBaHU-
sMH TTapcepa, KOTOPBIA OyaeT «pa3bupaTb» €ro Ha STalle W3BJIEUEHUs] CIEeKTPOrpamMM. DTO
OMH U3 HamboJjiee TPYIOEMKUX IJIsl MCCJIeIOBaTe sl ITAloB, TaK KaK Jake HeDOJIBIIoe OT-
KJIOHEHUE ITpu 0pOPMJICHUN JlaTaceTa OT TpeDOBaHUil mapcepa IMIPUBOJIUT K HEBO3ZMOXKHOCTH
BBIIIO/THEHUST TIOCJIEIYIONINX ITAIOB.

2. V3Biiedenne CueKTpOrpaMM: U3BJIEUEHNE CIIEKTPOTPAMM U JAHHBIX O MPUHAJIEXKHOCTH ITUX

CIIEKTPOTPaMM K paccMaTPUBaEMbIM KJIacCcaM M3 HeoOpabOTaHHBIX ayInodailioB.
OOydeHne aBTOYHKO/IEPA HA W3BJIEYEHHBIX CIIEKTPOIPAMMAX.

leneparusa npusnakos 00yueHHON TVIyOOKON HEHPOHHON CETHIO.

SANE

Ol1eHKa CreHepUPOBAHHBIX ITPU3HAKOB.

6. DKCIOPT creHeprpoBaHHBIX Tpu3HAKoB B popmarsl CSV wim ARFF.
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Puc. 2. Drans ucnosp3oBanust 6ubanorekn auDeep @

s aBromaTuzanuu nporecca (popMUPOBAHUST TATACETOB B HACTOSIIEN pabOTe UCIIOIB30BAJI-
cst web-cepBuC JIJIst OCTYyIIA K 6a3e JJaHHbIX (pI/IC. nyHKT MeHio «Export»). [Ipumep pesysbrara

«BBITPY3KN» HanubiX u3 BPJI mpencrasien na puc.
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Puc. 3. Crpykrypa BBIIPYKaeMbIX KOMILIEKCOM JAHHBIX

ITonkarasor data_set cCOJEP2KUT JIBa IMOJAKATAJIOTa, COOTBETCTBYIOIINE JIBYM KJaccaM OIle-
HMBAEMOTI'O COCTOSIHUS YTOMJIEHUsI: moakaTasor 001 comepKuT ayanodaiiyibl, COOTBETCTBYIOIINE
COCTOSIHHIO JTOOPOBOJIbIIA «HE YTOMJEH», IogKaTagor 002 coaepKuT ayanodailjibl, COOTBETCTBY-
TOIIFie COCTOAHUIO JTOOPOBOJIbIA «yTOMJIeH». KarKIplit U3 1moaKaTaaoros cojaepxkan mo 40 aymguo-

sanuceit. Takum oOpasoM, KaxKIAbIil n3 (GOPMUPYEMBIX JaTaceToB cogepxkan 80 ayamosarmceii.
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B cBs13u ¢ TeM, 9TO IEJIbIO HACTOSAIIErO MCCJIEIOBAHUA OBLI IOMCK OTBETOB Ha BOIIPOCHI O
PEINOYTUTETHHOM THIE TEKCTOB JIJI YTE€HHS, O MUHUMAJIBHO JIOCTATOYHON JJIUTETHHOCTH 3a-
MIACBHIBAEMBIX PEUYEeBLIX (PPArMEHTOB, O KAYeCTBE UCIIOJIb3YEeMbIX MUKPOMOHOB, TO BAPBUPOBAJINCH
JlaTaceThl, IIOCTyNAOIe Ha BXOJ HEMPOHHOU CEeTH.

JlaTaceTsl (hOPMUPOBAINCH MCXOJIsI U3 3HAYEHUN CJIEIYIONINX MapaMeTpPOB:

— THUI TPOYUTAHHOTO TEKCTa, ay/MO3AINCH KOTOPOrO MCIIOJb30BAJIACH JJIsT O0yUIEHUsT: <KO-
MaHIa», «IIPO3ay», «CTUXW», CMEIIaHHBIH;

— JJINTEJIbHOCTD UCIIOJb3YEMBbIX )i O0yUIeHUsI HeHPOHHON ceTu (pparMeHTOB ayIno3aIlnceit
(L): 7,8,9, 10 umu 11 c.;

— KaHaJI PErUCTPAINU: KAaUeCTBEHHBIN MEeTIUIHBIN MUKPOMOH UM BHICOKOYUYBCTBUTEIBHBIHI
HEHAIPABJIEHHBIH METPOJIOTHYECKUil MUKPODOH;

— YpOBeHb 0Ope3aHus aMIIUTY/Ibl 3alIUCAHHBIX ay/IMOJaHHBIX HUXKE YKA3aHHOIO 3HAYEHUS B
nermubenax: —45 nb, —60 gb, —75 n1b. 9TUM mapamMeTrpoM ycTaHABIMBAJICS JIOILYCTUMBbIi
YPOBEHb «OI'PyOJIeHHUs» MCXOAHBIX JAHHBIX, C OAHON CTOPOHBI, M, CTEIEHDb yIaJeHUsT U3 HC-
XOTHOM 3allMCU HU3KOAMILJIATY/THBIX IIIyMOB. TeM caMbIM OIEHHBAJIOCh, HACKOJIBKO UCITOJIb-
3yeMbIil HEHPOCEeTEBOI aJTOPUTM YyBCTBUTEJEH K IIyMaM, IPUCYTCTBYIONINX HA UCXOJIHON
ayINO3AITNCH.

Pesynbrarel orneHkn TOYHOCTH OOyUeHWs! HEHPOHHOW CETH — MATPHUIIBI OIMMMOOK (aHIVL.
confusion matrix) mast garacetros, cPOPMUPOBAHHBIX C YIETOM BBIIIEIIEPEINCICHHBIX TapaMeT-

poB, npuseieHbl B Tabul. [1| OneHkn KadecTBa KIacCUpUKAIUU IPUBEIEHBI B TabJI.

Tabauma 1. MaTpuiibl ormuboK 00y IeHHBIX HEHPOHHDBIX ceTeil 1jist ChOPMUPOBAHHBIX JATACETOB

T YpoBeHb 00pe3aHusi aMILIATYALI ayIMOAAHHBIX HUXKE YKA3aHHOI'O 3HAUEHUSI
L Hpes 45 1B 60 1B | 75 1B
IUTAHHOI'O
Kanan perucrpanun: Ka4eCTBEHHBIN HETINYHBIA MUKPOMOH
TEKCTa,
L7 C. 51 52 L, C. 51 Sg L, C. 51 SQ
K . S| 0.70 | 0.30 . S1 ] 0.60 | 0.40 . S1 1064 | 0.36
OMAaH/IbI
A Sy | 0.33 | 0.67 S | 0.35 | 0.65 Sy | 0.37 | 0.63
S7 | 0.68 | 0.32 S7 ] 0.69 | 0.31 S1 | 0.66 | 0.34
IIpoza 9 9 9
Sy | 0.27 | 0.73 Sy | 0.21 | 0.79 Sy | 0.32 | 0.68
o 10 S| 0.65 | 0.35 . S1 | 0.54 | 0.46 g S1 | 0.63 | 0.37
TUXU
Sy | 0.26 | 0.74 Sy | 0.37 | 0.63 S | 0.35 | 0.65
Sy | 0.80 | 0.20 Sy ] 0.71 ] 0.29 S| 0.68 | 0.32
CMermanabIii 9 9 8
So | 0.26 | 0.74 Sy | 0.33 | 0.67 S | 0.39 | 0.61
Kanam perucrpanun: BBICOKOUYBCTBUTEIbHBIN HEeHAIIPABICHHDII
METPOJIOTHIECKHIT MUKPOGOH
L, C. Sl Sg L, C. Sl SQ L, C. Sl SQ
S | 0.66 | 0.34 S7 ] 0.60 | 0.40 S| 0.68 | 0.32
Komanabr 7 7 7
Sy | 0.33 | 0.67 Sy | 0.31 | 0.69 Sy | 0.44 | 0.56
S| 0.80 | 0.20 S 0.79 | 0.21 S1 | 0.78 | 0.22
IIpoza 9 9 8
Sy | 0.25 | 0.75 Sy | 0.28 | 0.72 Sy | 0.31 | 0.69
Sy | 0.67 | 0.33 S7 | 0.56 | 0.44 S| 0.52 | 0.48
Cruxu 10 10 10
Sy | 0.31 | 0.69 Sy | 0.33 | 0.67 Sy | 0.33 | 0.67
o . 9 Sy | 0.73 | 0.27 8 S ] 0.83 | 0.17 g S 0.80 | 0.20
MeIaHHBIH
S | 0.29 | 0.71 Sy | 0.39 | 0.61 Sy | 0.43 | 0.57
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Tabuuia 2. Mepbl TounOCTH Kjaaccuduranyuu o0ydeHHBIX HEHPOHHBIX ceTeil Jijisi chopMUpPO-

BaHHBIX JaTaCE€TOB

YpoBeHb Tun npo- Mepb! TOUHOCTH KJIacCHDUKAIUT
obpesanust IUTAHHOI'O L,c. . .
Accuracy | Sensivity | Precision | F-mepa
AMILIATY/IbI TEKCTa,
Kanmam perncrparmn: KaveCTBEeHHBIM METINYIHBIN MUKPOMOH
45 1B Komanbr 7 0.685 0.690 0.67 0.680
ITpoza 9 0.705 0.695 0.73 0.712
Cruxn 10 0.695 0.678 0.74 0.708
CMenraHHbIi 9 0.770 0.787 0.74 0.762
60 1B Komanapr 7 0.625 0.619 0.65 0.634
ITpoza 9 0.74 0.718 0.79 0.752
Cruxn 7 0.585 0.577 0.63 0.602
CMermanublii 9 0.69 0.697 0.67 0.683
75 1B Komanbr 7 0.635 0.636 0.63 0.633
ITpoza 9 0.67 0.666 0.68 0.673
Cruxnu 8 0.64 0.637 0.65 0.643
CMeraHHbIiHi 8 0.645 0.655 0.61 0.632

Kanan perucrpanunm: BI)ICOKO‘IyBCTBI/ITe.HbeIfI HeHaIIpaBJIeHHbIﬁ

MEeTPOJIOTTIECKU MUKPOMOH

15 1B Komanabr 7 0.665 0.663 0.67 0.666
IIpoza 9 0.775 0.789 0.75 0.769

Cruxn 10 0.680 0.676 0.69 0.683

CMenanHbli 9 0.72 0.724 0.71 0.717

60 1B Komanbr 7 0.645 0.633 0.69 0.660
ITpoza 9 0.755 0.774 0.72 0.746

Cruxn 10 0.615 0.603 0.67 0.635

CMenraHHbIi 8 0.72 0.782 0.61 0.685

75 1B Komanipt 7 0.620 0.636 0.56 0.595
IIposza 8 0.735 0.758 0.69 0.722

Cruxu 10 0.595 0.582 0.67 0.623

CmMeraHHbIi 8 0.685 0.740 0.57 0.644

5. O6cyxkaeHue pe3yIibTaToB

O1eHKM KauecTBa PACIO3HABAHUS IEJIEBOI0 COCTOsIHMUA S2 («yToMIeH» ) (Tabir. OKa-
3bIBAIOT, YTO IIPUMEHEHNE HEHPOHHOU CETU C TOHOJIOTHEN aBTOIHKOJEP IO3BOJILAET JIOCTUYb TOY-
HOCTH PaCIO3HABAHUSI IIEJIEBOTO COCTOsTHUs 110 75—79%. B 3aBucuMocTu 0T mporeiypbl 3aliUcu u
XapaKTEePUCTHUK 3aIlUChIBAEMOIl pedeBOil IPOAYKIIUU 3TU Pe3yAbTaThl MOI'YT BapbUPOBATHCA.

SHAYNMBIX OTJINYINH MEXK/Iy UCIOJIH30BAHIEM KadeCTBEHHOTO MTETINIHOTO MUKPOQOHA U BbI-
COKOYYBCTBHUTEIHHOIO HEHAIIPABJIEHHOIO METPOJIOIIIECKOTO MUKPOMOHA HE BBISBJIEHO. JTO 03-
BOJISIET MCHOJBb30BAaTh B JAJbHEHNINX HCCIIEIOBAHUAX IMIMPOKO PACIPOCTPAHEHHBIE ITETJIMYHBIC
MUKpPOMOHBI, HO ¢ BHEIIHEHl 3BYKOBOH KapToii. OTIeNbHBIM BOIIPOCOM OCTAETCs OIpeeseHe

JOIIYCTUMBIX JUAITa30HOB TEXHUYIECCKUX XapPaKTEPUCTUK HUCIOJJIB3yeMOT'O O60pyJIOBaHI/IH.
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B cBasu ¢ Tem, 9T0 MCCIenOBaHUS TPOBOIMINCH BHE aKyCTHIECKON 0E33X0BOI KaMephl, a B
o(rCHOM TOMEIIEHUN B yCJIOBUSX OTHOCHUTE/HHON THUINHHBI, HA ayIHO3AIINCIX IIPUCYTCTBOBAJII
mrymbl. /Jlarabie Ta,6nmublmﬂm()CTppr10T, 9TO OOpe3aHne aMILIUTY IbI HCXOIHOTO ayINOCUTHAJIA
Hmke ypoBus —45 1B (s aynmosarmceii mposbl Huzke ypoBusi —60 1B) mosBosisger yiaydmuTh
Ka49eCTBO PACIIO3HABAHUSI.

OHUM U3 BaykKHBIX PE3YIBTATOB UCCJIEIOBAHUSI CTAJIO ONPEIe/IeHIE IPEIIOITUTEHHOIO TH-
113, PeYeBOil TPOAYKIMHU, PEIUCTPAIlAs KOTOPOI TO3BOJISLIACh PACIO3HABATH HEHPOHHON ceTu co-
CTOSTHUE yTOMJICHHS C 60J1e€ BRICOKUM KatdecTBOM. JlanHbie Ta6nnumn0Ka3bIBa10T, YTO UCIOJIb-
30BaHUE METJIMIHOTO MUKPOMOHA MPU O0OPE3AHUU AMILIATY/IBI HCXOIHOTO ayIUOCUTHAJIA HUZKE
ypoBHsi —45 1B (TO ecTb B ycsioBUSIX HEOOJIBIIOIO 3alllyMJIEHHsI) [O3BOJISET PACIO3HABATEH CO-
cTosiHHE yToMJieHUs co 3HadeHuaMu F, paBubiMu 0.680 rnpu o6paboTKe NMPOU3HOCUMBIX KOMAH]
JUIATESIBHOCTHIO OT 7 cekyH 1, 0.712 — mpo3sl jyureabHOCThI0 0T 9 cekyw, 0.708 — cTuxoTBO-
pennit AuTebHOCTHIO OT 10 cekynm u 0.762 I CMEITaHHOTO TEKCTA, COCTOLAINEro U3 KOMAHT,
MPO3bI U CTUXOTBOPEHUHN JJIUTEILHOCTHIO OT 9 cexkymnmu. [Ipu menbieit ymmTeIbHOCTH, BEPOSTHO,
HefpoceTH He XBATAeT JAHHBIX JIJIsi TOTO, YTOOBI HANTH TPU3HAKU JJIS PA3IUIUs COCTOSHUM.

Taxum 06pa3oM, B pe3ysIbTrare UCCIEI0BaHNs TOKa3aHa CIIOCOOHOCTD pa3pabOTaHHOM MOIe N
pacIo3HaBaTh HACTYIIEHHE COCTOSIHUST (DU3UIECKOTO YTOMJIEHHUS y JTOOPOBOJIBIIEB 110 UX PeIeBOit
IPOJTYKITUH.

JlabHeiiiee COBEPITEHCTBOBAHNE Pa3pabaTHIBAEMON METOINKH OIEHKHM COCTOSTHUST YTOMJIE-
HUs TI0 pedd OyIeT MPOoJIoJKeHO B HampabieHun paspaborku BPIl miaa wmccmemoBanust CB3u
peveBoil MPOIYKIMK U YMCTBEHHOTO YTOMJICHHSI, & TAKZKE COBEPIIEHCTBOBAHUE PACCMOTPEHHOTO

B HACTOsAIIEH paboTe ajaropuTMa JJjisi PACIIO3HABAHUS COCTOSHUS YTOMJICHUSA.

SaKJ/II0ueHue

Brin mpoBeieH MUIOTHBIN SKCIEPUMEHT C IEJIBIO TOIYYeHUs OTBETOB Ha Pl METOIMIECKIX
BOIIPOCOB, BO3HUKArONUX npu cozganuu BPJl mo yromenwuro. Ins cozmanus mpororuna BPJL
OBLI CIIeNUAIBLHO pa3paboTaH allapaTHO-IIPOIPAMMHBIN KOMIIJIEKC JIJIsi TPOBEICHUS UCCIIEI0BA~
HUI 110 PACIIO3HABAHUIO YMCTBEHHOTO U (PUBUIECKOIO yTOMJIEHUsI. Bblia pazpaborana METOIUKA
dopMupoBanust y J00POBOJIBIIEB COCTOsiHUS (DU3UIECKOTO yTOoMJIeHus. [IpoBenennblii sKcepu-
MEHT IO3BOJINJI MOJIYINTh OTBETHI Ha IOCTABJIEHHBIE B Hadajle MCCIeOBAHNS METOINIECKHE BO-
IIPOCHI:

1. Jna monenupoBanus bU3MIECKOr0 yTOMIIEHUS 11€71€CO00PA3HO UCIIOJIH30BAThH KAP/INOPECIIH-
PaTOPHBIN TECT C MAKCUMAJIHLHOM (PU3MIECKOl HAIPY3KOIi, JOCTOBEPHLIM KPUTEPUEM HACTYII-
JIGHUSI COCTOSTHUS yTOMJICHUSI CJIYZKHUT TOCTUYKEHUE TOOPOBOJIBIIEM aHAIPOOHOTO ITOPOTa, IIPHU
BBITIOJTHEHUU STOT'O TECTA.

2. TIpu dpopmupoanuu BPJl qna urenus neinecoobpa3HO MUCIIOIb30BATH TEKCThI, COOTBETCTBY-
IOIIe OCODEHHOCTAM PEYeBO KOMMYHUKAIIUU OIEPATOPOB, T.€. KOMAHIHLIE B COUYETAHUU C
TEKCTAMU THUIA «ITPO3a.

3. Perucrpupyembie pedeBbie (bparMeHThI, JIOCTATOYHBIE JJIsi PACIIO3HABAHUSI COCTOSIHUST Y TOM-
JIEHUsI, JTOJIKHBI ObITH He MeHee 7—10 cekyH/I.

4. UcnonbzoBanne 6oJiee 1yBCTBUTETIHLHOTO MUKPOMOHA 110 CPABHEHUIO C MCIIOJIb30BAHUEM TIET-
JINYHOT'O MUKPOMOHA He JIAeT 3aMEeTHON PA3HUIIBI KAUECTBA PACIIO3HABAHUS COCTOSHUS YTOM-
JIEHUSI.

5. ObpesaHne aMILUTATYIbI MCXOMHOTO ayMOCHTHaIa HuKe ypoBHs —45 1B (B psge ciydaes

uike yposas —60 1B) mo3BosisteT yurydmmuTh KadeCcTBO PACIO3HABAHUS.
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Qualitative psychophysiological research studies are associated with the creation of accessible and well-
organized databases that require a lot of preliminary work on the development of measuring complexes, including
not only tools for measuring the psychophysiological parameters of a human, but also their emotional state,
which is displayed in facial expression, speech and behavioral patterns. Measuring systems should also include
the means of experimental material processing. The purpose of the study was to conduct an experiment on
creating a prototype of the Speech Data Base of Russian-speaking respondents and to obtain answers to some
methodological questions that arise among specialists when they use the database for the task of recognizing
the state of human fatigue. A hardware and software complex has been developed that allows to synchronously
register psychophysiological parameters, video recordings of behavioral reactions and audio recordings of human
speech. As a model of physical fatigue, a cardio-respiratory test with physical activity (load) was used. Before and
after completing the test, volunteers read out a set of standard phonetically representative texts. The obtained
audio recordings were processed using a specialized neural network capable of analyzing the integral spectral
characteristics of sound. The results of the experiment showed the possibility of recognizing the state of human
fatigue based on speech analysis, which makes it possible to proceed to the creation of a large bank of audio
recordings and the improvement of algorithms for recognizing the state of fatigue.

Keywords: human fatigue recognition, speech database, instrumental complex, cardio-respiratory test, machine
learning, deep neural network.
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B Teopun anredbpamyueckux 6aifieCOBCKUX CETEH CYIIECTBYIOT aJrOPUTMBI, ITO3BOJIAIONINE TTPOBOIUTD I100a b
HBIl AllOCTEPUOPHBII BBIBOJL C MCIOIB30BAHUEM BTOPHYHBIX CTPYKTYD. IIpH 9TOM ITOCTpOEHHME BTOPUYIHBIX CTPYK-
TYp HPEIIoJaraeT UCIOIb30BAHNE TPETUIHON CTPYKTYphL. Ciie10BaTeIbHO, BOSHUKAET BOIPOC 06 060CO6IEHHOM
NIPUMEHEHUH TPETHIHON CTPYKTYDHI B 33/[a4de allOCTEPHOPHOTO BBIBOJA. DTOT BOIIPOC PACCMATPUBAJICS paHee, HO
OBLIO IPHUBEJIEHO TOJBKO OOIIee ONHCAHUE AJTOPUTMA, IPH STOM YUUTHIBAJIUCH JIAIIL MOJEIH CO CKAJISPHBIMHI
OIIEHKAMM BEPOSITHOCTU UCTMHHOCTU. B aHHOl paboTe HpPHBEJIEH aJrOPUTM, PACIIMPSIIONIUI BBIIIEYTOMSIHY THI
J10 BOBMOXKHOCTH €I'0 HCIIOJIb30BAHMS B CJIy4Yae MHTEPBAJIbHBIX OIEHOK. [JoMHMO 9TOro, BayKHBIM CBOWCTBOM aJl-
rebpandeckoil 6aiteCOBCKOM CETH sIBJISIETCS AIUKJIMIHOCTD, M KOPPEKTHOCTH PabOTHI IEPEYNCIEHHBIX aJIlTOPUTMOB
obecrieunBaeTcst TOJIBKO JJIsl AlMKJIMYHBIX ceTeil. [ToaToMy HEOOXOAMMO TaKyKe YMETh HPOBEPSITH AIMKINIHOCTH
ayirebpandecKoil 6aileCOBCKOI ceT ¢ NpUMEHEHHeM TPEeTHYHON CTPYKTYphl. OIHCaHue 3TOro ajropuTMa TaKKe
[IpeJICTaBIeHO B paboTe, B €ro OCHOBE JIEXKUT paHee JIOKa3aHHasi TeopeMa, KOTOPasi CBA3BIBAET KOJUYECTBO MO-
nesiel (pparMeHTOB 3HAHUI B CETH C KOJIMYECTBOM HEIYCTBHIX CEIapaTOPOB U KOJUYECTBOM KOMIOHEHT CBSI3HOCTHU
CUJTBHBIX cy»keHnit B ukymyaHoit ABC, a Takke Jl0Ka3aHHAasi B JJAHHON CTAThe T€OpeMa O IPUHAJJIEXKHOCTH JIBYX
MoJesieil hparMeHTOB 3HAHUI K OJHON KOMIIOHEHTE CBS3HOCTH CHJIBHOTO Cy»KeHHsA. [l Bcex paspabOTaHHBIX
AJITOPUTMOB JI0Ka3aHa KOPPEKTHOCTb PabOThI, a TaKyKe BBIYKMCIEHA UX OIEHKA BPEMEHHOH CJIOXKHOCTH.

Kmouesvie caosa: anzebpauveckue batiecosckue cemu, @dpaemenm 3HaHUG, N02UKO-6EPOATMHOCTVHOIT 6bl600,
MPEMUNHAA CMPYKMYPA, BEPOAMHOCTMHYBIE eDAPUNECKUE MOOEAU, MAUWURKOE 00YUEHUE.
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BBenenne

BepositHOCTHBIE IpaduIecKie MOIETIN CEMOIHST HAXOIAT IMUPOKOe IIPUMEHEHIE B CAMBIX Pas-
HBIX 00JIACTSIX HAYKU, TEXHOJIOTHI U IIPOMBIIIJIEHHOCTH . Hanpumep, oHE HCITOIB3YIOTCS B 3a-
Jadax paclo3HABAHWS W OTCJICXKUBAHUSI JIFOIEH HA BUIEO , aHaJIN3a KPEIUTHOIO PHUCKA ,
UCCJIEIOBAHUS BIUSAHUS Y€JI0BEYeCKOro (hakTopa Ha MOPCKHUE aBapuu , OIIEHKU BEPOSTHOCTU
ycnexa MHOT'OXO/IOBBIX COITMOMHZ>KEHEPHBIX aTaK @ O,ZLI/IH U3 BazKHBIX HpeﬂCTaBI/ITeﬂef/'I KJIacC-
ca BEPOSATHOCTHBIX IpadudecKux Momeseil — ajaredpamvdecKkue OaileCOBCKME CeTHh . B cBoeit

pOoCTeIell — MEPBUIHON — CTPYKTYpPE OHU SIBJISIOTCS HAOOPOM HJCAJIOB KOHHIOHKTOB CO CKa-
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IIpnMmeHeHMEe TpeTUYHOI CTPYKTYPHI ajiredOpamdecKkoii baiiecoBckoil ceTu ...

JISPHBIMU UJTH WHTEPBAJIBHBIME OIEHKAMU BEPOSITHOCTH UCTUHHOCTH (HAOOp Mojesteil dhparmen-
TOB 3HAHUI) U IPUMEHSIOTCS B TIEJIAX ONUCAHUS SKCIEPTHBIX CHCTEM . st Goiee MIUPOKOTO
[MPAKTUIECKOT'O UCIOJIb30BAHNS ajredpandeckux 6ailecoBCKUX ceTeil HeoOXOIMMO Pa3BUTh COOT-
BETCTBYIOINI TEOPETUICCKUI allllapaT depes3 PelIieHne paaa 3a4a9, OJHONR N3 KOTOPBIX ITOCBAIICH
JIAHHBIA MaTepuaJl.

B xoHTeKCcTe Teopun aaredpamuecKux 0afieCOBCKIX ceTeil paccMaTPUBAIOTCsST PA3INIHbBIE BO-
IIPOCBI, B YACTHOCTH, — PACIIPOCTPaHEHHE (IIPOMAralysi) CBU/IETEIbCTBA, TO €CTh IIePECIeT OIEHOK
BEPOSITHOCTEH MCTUHHOCTH 3JIEMEHTOB ajredpanteckoii 6aiteCOBCKOIl ceTu HAa OCHOBE CBUIETE b~
CTBa, MHTEPIIPeTaleil KOTOPOro sBJ/IeTCS HOBasl, paHee HEM3BEeCTHAs MHMOPMAIUS O IIPEIMET-
uoit obsactu. Hammpumep, ecin umeercs: chopMupoBaHHAsT MOJIEJIb, OIUCHIBAIONIAS ITPOTHO3 ITOI'0-
JbI, TO HOBOI nHMOpMaImei OyIeT yTBEPKICHUE O TOM, YTO 3aBTPa OIPEJIEJICHHO MOHIeT CHEr.
Pacnipocrpanenue (iporniaraiiust) CBUIETEIbCTBA SIBJISIETCS 331a9€eil [JI06aJIbHOIO AlOCTEPHOPHOIO
BBIBOJIa. Bosiee hopMasibHO, CBUIETEIBECTBO — JIHOO TIPEJIIOJIOKEHIE O TOM, UTO KAKUe-TO YTBEP-
JKJIEHUsT OKA3aJUCh UCTUHHBIMU WA JIO2KHBIME, JTHOO O TOM, UTO HAJL MOJIBIIEAJIOM, OIMCHIBAO-
IEM 9aCTh YTBEPKICHUI, 3a/1aHa MOIe/h (hparMeHTa 3HAHUN ¢ HOBBIMU OIEHKAMU BEPOSTHOCTH
UCTUHHOCTHU. [l/1s mpomaranmuy CBUAETEILCTBA MOTYT HCIOJB30BATbCSI BTOPUIHAA WX TPETUU-
Has CTPYKTYpbl. Ha MaHHBIM MOMEHT MJIs pelleHnsl 3TOH 3aJadd MPUMeHSeTCs MeXaHU3M pac-
[IPOCTPAHEHUs] BUPTYAJIBHBIX CBHUJIETEIHLCTB BO BTOPUYHON CTPYKType ajrebpandeckoit baiiecos-
CKOIT ceTn . Bropuunasi crpykTypa siBisiercs: rpadoM CMEXKHOCTH, TJI€ BEPIIHHBI HAI'DY2KEHbI
MaTeMaTHIeCKUMH MOJIENIsIMUA (DparMeHToB 3HaHUil (Uieasbl KOHbIOHKTOB CO CKAJISIPHBIMU UJII
NHTEPBAJbHBIMI OIECHKAMHN BEPOATHOCTHU I/ICTI/IHHOCTI/I) . BI/IpTyaJIbeIM 2Ke CBHJIeTCJIbCTBOM
Ha3bIBalOT IlepeceveHne JIBYX CME2KHbIX BEPHINH BTOpI/IqHOﬁ CTPYKTYDPBI, TaKzKe ABJIAIOIIeeCHd
MOJIeIbI0 (bparMeHTa 3HAHUHN, IIPU TOM IIepeceueHre 3a/IaeTCs MEXKJy IMapaMy BEPIIUH, TJIe B
[IEPBOIT BepINUHE yXKe yITeHa WH(MOPMAaIns, MOCTYIUBINAs OT U3HAYAJIHHOTO CBUIETE/ILCTBA, a
BO BTOpOil — HeT. Bropuunasi cTpykTypa /s 3aJaHHONI MEPBUIHON He olpereseHa OJIHO3HAY-
HO, TI0O3TOMY HEOOXOIMMO OTJIEJIbHO UCCJIEIOBATL CIIOCOOBI MMOCTPOEHUSI BTOPUIHBIX CTPYKTYD, B
KOTOPBIX PACIPOCTPAHEHUE CBUIETEIbCTBA ITPOUCXOAUIO Obl HamMeHee pecypcos3arparHo. s
CHHTE3a TaKNX BTOPUYHBIX CTPYKTYP, TO €CTh UX IIOCTPOEHUsI Ha OCHOBE MNEPBUYHBIX C, BO3MOXK-
HO, JIOTIOJIHUTEJIbHBIMU OTPAHUUCHUSMU Ha BUJ rpada, B HACTOAIIMI MOMEHT UCIOJIb3YIOTCS
TPETUYHBIE CTPYKTYPHI @ Tperwynas cTpyKTypa — 3TO AUarpaMma Xacce HaJl 3aMKHYTHIM
MHOKECTBOM BCeX HEITYCTBIX IIepecevdeHnii map Moesieit (pparMeHToB 3HAHUM .

MapmvMu citoBaMu, JJ1s1 TIPOMATrallid CBUJETEIbCTB HYKHA BTOPUYHAs CTPYKTypa, IJIs IO-
CTPOEHUsST KOTOPOI MCIONB3yeTCsT TpeTudIHast CTpyKTypa. OTCioma BO3ZHMKAET BOMPOC: €CTh JIN
BO3MOKHOCTBH NIPOU3BOAUTDH AIIOCTEPUOPHBINA BBIBOJ, IPUMEHHAA TOJIBKO TPETUYHYIO CTPYKTYDY,
663 IIOCTPOECHUA BTOpI/ILIHOI‘/’I7 9TO IIO3BOJINJIO 61)1 YMEHBITUTH KOJIMYECTBO IPUMEHAECMbBIX O6’beKTOB
1, BO3MOXKHO, YCKOPHUTH OOINyI0 pabory momeau? Takum obOpa3oM, HCCiIeI0BaHe HOBBIX ajro-
PUATMOB aIIOCTEPUOPHOI'0 BBIBOJA, B YaCTHOCTU C IIPUMEHEHUEM TOJIBKO TPETUYHOI CTPYKTYPHI,
ABJIACTCA aKTyaJIbHBIM, ITOCKOJIBKY ITO3BOJIXJIO 6bI JOCTUYb 0603Ha‘{eHHbIX BBIIIIE PE3YJ/IbTaTOB!:
YMEHBIIUTH KOJMIECTBO MPUMEHSIEMBIX O0bEKTOB U, BEPOSITHO, YCKOPUTH OOIyI0 PaboTy Moje-
Jin. DTOT BOIPOC PaHEe PACCMATPUBAJICS B , HO TOJIBKO /JIJIsl CKaJIsIPHBIX OIIEHOK BEPOSATHOCTH
UCTUHHOCTH, [P 9TOM AJITOPUTM OIHUCHIBAJICS B OOIINUX YepTax, 6€3 SBHOTO IPeICTABJIEHUS IICEB-
JOKOJIA.

Cremyer Tak2Ke OTMETUTD, UTO €Ile BaXKHBIM CBOMCTBOM aJjirebpanieckoii 6aiiecoBCKOU ceTu
SIBJISIETCs] AIMKJIMIHOCTh. Fe mpoBepKa HeoOXo/IuMa, TaK KaK TOJIbKO JJIsi allUKJIMIHBIX ceTeil

JOKa3aHa KOPPEKTHOCTH BBINICYIIOMAHYTOI'O aJI'OpUTMa, HaJIXIHUE TaKOI'o CBOIiCTBa IIO3BOJIAET
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3HAYUTEJIbHO YMEHBIIUTh BBIYUCIUTEIbHYIO CJIO2KHOCTD TOJIJIEPKaHUsd HEIPOTUBOPEYNBOCTU aJl-
rebpandeckoii 0aiteCOBCKOI ceT, 4TO TaK»Ke Ba’KHO IIPU UCIOJIH30BaHUU ee Ha IpakTuke. Takum
00pas3oMm, 1eJIbI0 PabOTHI SBJISETCS PACIIUPEHNE U AHAJIU3 aJTOPUTMA alloCTEPUOPHOIO BBHIBO/IA,
IIPUMEHHIONIEI0 TPETUYHYIO CTPYKTYPY, [0 BO3MOXKHOCTH €r0 MCIOJIb30BaHUA B Clydae MHTEp-

BaJIbHBIX OIEHOK. B CBSI3U C 9TOM IEbIO BBIIEIAIOTCS CJIeLYIONIe 32,1 H:

1) ommcaThb pacimmpeHre pacCMaTPpHBACMOTO B aJICOPUTMa AllOCTEPUOPHOI'O BBIBOJIA;

2) cdopMupoBaTh AJITOPUTM HPOBEPKH AIUKJIMYHOCTH ajrebpandeckoil GailecoBCKoOi cern c
IIPUMEHEHUEeM TPETUYHON CTPYKTYPBI, YTO PaHee He IIPOBOIUIIOCD;

3) J0Ka3aTh KOPPEKTHOCTH PABOThI 9TUX AJITOPUTMOB;

4) OUEHUTDb MX CJIOKHOCTb.

Teopernyeckast 3HAIUMOCTE PAOOTHI 3aKII0UaeTCs B (DOPMUPOBAHNN BO3MOXKHOCTH JTAJIHHEH-
mero IpuMeHeHus IMOJIYYEHHBIX Pe3YyJ/IbTaTOB B UCCJICJO0BaHUAX 3aa91 allOCTEPUOPHOI'O BBIBO/Ia
B ajredbpamdecknx 0aifeCOBCKUX CETSX, HCCJEJIOBAHUU TPETUIHON CTPYKTYPBI KaK CaMOJI0CTa-
TOYHOIO 00bEKTa, HEOOXOAUMOI'O IIPHU IIPAKTUIECKOM IIPUMEHEHUN aJIredparndecKnx 6aieCoOBCKIX
cereii. IlpakTuyeckast 3HAYMMOCTD 3aKJII0YAETCA B BO3MOXKHOM YCKOPEHUU paboThl aJrOPUTMOB
aIl0CTEPUOPHOrO BBIBOJA 38 CYET YMEHBIIEHHS KOJNIECTBa CO3IaBaeMbIX OOBEKTOB M PaCIINpe-
HIAM 3a CYET 3TOro 00JACTU IPUMEHEHHUsI JAHHOIO allapara.

OmmuieM KpaTKoe coJiepKaHre Pa3ie/ioB JaHHON craTbu. B pa3,ILeJIepaCCManI/IBaIOTCH pa-
0OTBI, B KOTOPBIX HCCJIEIOBAJIICH BOIIPOCHI, CBSI3aHHBIE C M3yYaeMbIMU B JIAHHOI cTaThbe mpobJre-
MaMH, & TakKe paboThl, Ha KOTOPbIE OMUPACTCS JaHHAS CTATDS. Pa3,ZLeJ13HaKOMI/IT qUTaATEIIs C
TEOPETUIECKON OCHOBOM, HEOOXOIMMO 1T TOHUMAHUST JaJIbHEHIero n30KeHnst crarbu. B pas-
,ZLe.HeOHI/ICbIBaeTCH AIIOCTEPUOPHBINA BBIBOJI, IPUMEHIIOIUN TPETUIHYIO CTPYKTYPY. Pa3,£LeJI
MTOCBSIIEH aJTOPUTMY IIPOBEPKU AIUKJIUIHOCTHU ajredbpandeckoil 6aitecoBckoit cetu. B pasg:gene
KPAaTKO OHNHUCBIBAIOTCA W AHAJUIUPYIOTCA IIOJIydE€HHbBIEC DE3yJIbTaTbl — pa60Ta aJI'OPUTMOB, UX

CJIOYKHOCTb. | 3aKJIFOUEeHNE| TOIBOJIUT UTOTH UCCIeJOBaHUsT U 0003HAYAET HAIIPABJIEHUS JajbHEil-
mux pabor.

1. PeneBaHTHBIE pabOTHI

[Tomumo asirebpanyeckux OaiteCOBCKUX CeTeil CYIIECTBYIOT JAPYTHe KJIACChl BEPOSTHOCTHBIX
rpaduvuecKux MojeJiel, KOTopble TO3BOJISIOT PelarTh Te ke 3aja4qu. Haunbosiee pacipocTpaneH-
HBIMU siBJIsTIOTCsT OaiiecoBekue cetn fgosepust (BC/I). BC/I maxoagr mmpokoe npruMeHeHHe B pas-
JIMYHBIX 00slacTax. Tak, OHM HUCIOJb3YIOTCS B aHaju3e O€301aCHOCTU U HAJIEXKHOCTH CHCTEM,
OIIEHKE PUCKOB , 00paboTKe eCTECTBEHHOI'O SI3bIKA, , U3y4YeHNN HACTPOEHUS II0JIb30Ba~
Tejeil COruaJbHON ceTn , MOBBINTIEHNH OE30IACHOCTH COTPY/IHUKOB HA PADOIUX MeCTax ,
pazpaboTke TopoACKoit nHMPACTPYKTYPEI , 3/IpaBOOXPAHEHUN , KJINMATOJIOTUU , aHa-
JIn3e aBapuil IpU CYJI0XOJICTBE , B CETSX Ia30IIPOBO/IA . [Ipu srom B BCII ucmosib3yorcst
TOJIKO TOYEUHDBIE OIEHKHU BEPOSTHOCTH UCTUHHOCTHU, & TAKXKE OCTAIOTCS OTKPBITHIMU BOIIPOCHI,
CBSI3aHHBIE C 0OPADOTKOI HAITPABJIEHHLIX ITMKJIOB . B teopun ABC ke MOTryT yIUTBIBATHCS
WHTEPBAJIbHbIE OINEHKH BEPOSITHOCTU UCTUHHOCTHU, ITO IO3BOJISIET, HAIIPUMED, Jierde (hopMaJiu-
30BBIBATH HEOIPEJEJICHHOCTD BBICKA3BIBAHUS HA €CTECTBEHHOM sI3bIKE, YUUTHIBATH HAOJIIOIEHUS
¢ YaCTUYHO IPOIYIIEHHBIMU WU YTPAYCHHBIMU JTAHHBIMI . [Tomumo sroro B Teopun ABC
CYIIECTBYIOT TOXO0JIbI, TTO3BOJISIIOIIUE UCIOIH30BATh ITUKJIMIECKIE CTPYKTYPbI .

Bepremcst Kk paccMOTPEHHIO 3a/a9U IOCTPOEHUS AJITOPUTMA AllOCTEPHOPHOTO BbIBOsA. Pa-
Hee HUCIO0JIB30BAJICH MEXaHU3M pPaCIPOCTPAHEHUS BUPTYAJIbHBIX CBHUJETEIHLCTB , HCIIOJIB3YT0-

MUl BTOPUYIHYIO CTPYKTYPY, ITIOCTPOEHNE KOTOPOIl OIMCaHO, HAIIPUMED, B . Jamuas ke pabo-
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Ta pPacCMaTPUBAET UCIIOJb30BAHUE TOJIBKO TPETUYHON CTPYKTYPHI IIPU TPOBEICHUN TVIODATHEHOTO
arocTepuopHoro BeiBoja. OyH1aMeHTOM PabOThI TOC/TY2KIJIO UCCIIEIOBAHIE , B KOTOPOM OIIH-
CBIBAETCsI AIIOCTEPUOPHBIA BBHIBOJ, B aIreOpanvdecKoil 6aifeCOBCKOM CeTU C NCIOJIH30BAHIEM TOJIHLKO
TPETUYIHON CTPYKTYPBI B CJIydae CKAJSIPHBIX OIEHOK. DTa CTATbs SABJSETCH Ha TEKYIIUH MOMEHT
eIMHCTBEHHOMN, TOCBSIIEHHON T0100HOMY Borpocy. B Hell mpescTaBiieHo o0Iee OnucaHne ajro-
pUTMa BBIBOJIA, & TaKXKe JOKa3aHa €ro KOPPEKTHOCTD JIJIs AIMKIMYECKUX aJredpandeckKux Oaii-
ecoBcKux cereit. /Ijisi mpuMeHnenus 3Toro ajropuTMa Ha MPAKTUKE TPeOyeTcs TopabdoTKa, ITOOBI
NMETH BO3MOZKHOCTH UCIIOJIB30BaTh €I'0 B aﬂFe6paI/IquKHX 6aﬁeCOBCKHX CeT#AX C UHTEePpBaJIbHBIMUI
OIIEHKAMU BEepPOSITHOCTH MCTUHHOCTHU. JlaHHAsI CTaThbsl HMOCBSAIIEHA TOpabOTKe yKa3aHHOTO aJjro-
puTMa, a TaKXKe OIEHKE €ro CJOXKHOCTH, YTO HEOOXOIUMO s JAJbLHEHINEro MpakTUIeCKOTro
IIPUMEHEHUS U aHAJIN3a €TI0 PADOTHI.

Bropoit ocHoBHOI BOIIPOC, KOTOPOMY MOCBSIIEHA CTATbs — MPOBEPKA AllMKJIUIHOCTU AJIred-
pamdeckoii baitecoBckoil cetu. Takyro ITpoBepKy HEOOXOIMMO OCYIIECTB/ISATH, TAK KAaK TOJBKO
JIJIST AIUKITIeCKUX 0afieCOBCKUX ceTell OKa3aHa KOPPEKTHOCTH PabOThI BBIIIEYIOMSHYTOIO AJi-
TOPUTMa, U TOTOMY CBOWCTBO AIMKJIMYHOCTU BaXKHO JijIsi KOPPEKTHOI pabOThI pacCIIUPSIONIEro
aJI'OPUTMa, OIUCHIBAEMOT'O B JJAHHOI paboTe. DTa nmpobiiema paccMaTpUBAJIACH B , HO 3aJ1a4a
pelajach ¢ MPUMEHEHHEM, OISTh K€, HOBBIX CTPYKTYD (4eTBEPTHUHBIX), MOMUMO TPETUIHBIX.
[Ipu sTOM, Tak Kak IMPEJIIOIAraeTCs UCIOJB30BAHUE TOJBKO TPETUYHON CTPYKTYPBI JIJIs ITPaK-
THUYECKOTO IIPUMEHEeHNs ajrebpanieckux 6allecOBCKUX CeTell, IIPOBEPKY CJIEIYeT OCYIIECTBIISTD,
HE CO3J/iaBas HOBbIE CTPYKTYpPBI, TO €CTh KCIOJIb30BATH JIUIIb TPETHYHYIO CTPYKTypy. Pador,
IIOCBANICHHBIX 3a/ia'ue IMMPOBEPKU AIUKJIMYIHOCTH B TaKOM IIOCTaHOBKE, HET. HO CTOUT OTMETUTD,

4TO PelleHue 3TOI 3a1a4u B TEKYyIeldl cTaTbe OlMpaeTcs Ha TeopeMy O IUKJINYHOCTU IIePBUYHON
CTPYKTYPBbI, OLIUCAHHYIO B .

2. Teoperuueckas oCHOBa

B ﬂaHHOI';I TJlaB€ OIIMIIIEeM CHUCTEMY TEPMHWHOB U DA aJITOPUTMOB, HMCIOJIb3YEMBIX B ,ILaHHOfI

paboTte, Ha KOTOpbIE OyJ/IeT ONUPATHCH JaIbHElIee n30keHne Marepuasia. Jlanubiii pasmesn oc-

HOBaH Ha OoJiee paHHUX paboTax .

2.1. OcHoBHBIE OIpe/ieJIeHUs

[Tpexkie Beero paccMoTpuM OOBEKTBI, KOTOPBIE OYIyT COOTBETCTBOBATL HMEPEMEHHDLIM, 3a-
KJTIOUalomuM yTBepxKaeans. Onu oOpasyior aagacum — MHOXKECTBO, COCTOSINEE M3 aTOMap-
HBIX [IPOHO3UINOHAIBHBIX (POPMYJT (KOTOPbIE MOI'YT HA3bIBATHCS ATOMAMM) . A=A{x1,....,zn}
onpenenser andaBuT uz n aroMoB. JIJist OIleHKH caMuX aTOMAPHBIX MPOIIO3UIININ, & TAKKEe CBA3en
MEKJIy HUMHU OIIPEJIEIUM UJeas KOHBIOHKMOS, TIOCTPOeHHBIN HaJ| andasurom A = {x1,...,x,} —
MHOXKeCTBO hopMys1 Bujga {x; ri,...x;, | 0 < i3 < ... < ix < n— 1,k < n}, oue z;,;,...7;,
[IpeJICTaB/IgeT KOHBIOHKIIUIO COOTBETCTBYIOMINX HePEeMEeHHbIX .

PaccMOTPEeHHBIM BBIIIE ATOMAaM, & TaKzKe IIPOINO3UIMOHAILHBIM (POPMYJIAM U JIeMEHTAM HJIe-
aJ1a, KOHIOHKTOB B 9ACTHOCTH COIIOCTABUM OIICHKH BEPOSATHOCTU MCTHHHOCTH, KOTOPBIE XapaK-
TEPU3YIOT CTEIeHb YBEPEHHOCTH B YTBEPKICHUAX M HAOOpaX yTBEPXKICHUI, COOTBETCTBYIOIIIX
aToOMaM ¥ IIPONO3UIMOHAIBHBIM (hopMmyaam. Takum 06pa3oM omnpeaenM 0ObeKT, pACIIAPSIONTHI
njeal KOHbIOHKTOB JONOJHUTEILHBIMEA CBOMCTBAME — MAMEMAMUYECKYI0 MOOEAD (ppazmenma
ananud (st kparkoetn 0603HaYNM Kak P3) . MaremaTmaeckoil MOIeIbI0 (bparMeHTa 3Ha-

HUil, KOTOPBI ocTpoen Ha| ajadasuroM A, HasoBeM napy (C,p), rue C' — ujeas KOHbIOHKTOB
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HAaJI COOTBETCTBYIOINM ajihaBUTOM, P — HHTEPBAJIbHBIC WM CKAJSPHBbIE (TOYEUHBIE) OIEHKU
BEPOSITHOCTEH I KarKJI0T0 KOHBbIOHKTa u3 uiaeata C .

O1eHKT BEPOSITHOCTH UCTUHHOCTH JJIsT KaXKI0T0 KOH'BIOHKTa 13 njeasa C', COOTBETCTBYIOIIE-
ro sekoTopomy D3, MoryT O6BITH TpoTHBOpEeumBLIME. PopMaIn3yeM 9T0 cBOCTBO. JlomycTum 3a-
nan @3 (C, p) co cCKaISPHBIMU OIEHKAME BEPOSITHOCTU HCTHHHOCTH COOTBETCTBYIONIX KOHBIOHK-
toB. Torma sror @3 Gymer Henpomueope us B TOM U TOJBKO TOM CJIyUae, €CJIU CYIIECTBYET 3a-
JIAHHAs Ha MHOZKECTBe KOHBIOHKTOB 13 O3 BepositHOCTH P, Takas aro Ve € C,pr(c) = p(c) .
Eciu 3aman @3 ¢ unrepBanbubiMu onerkamu (C,p), To oH OyieT HENPOTHBOPEYHNB TOIJIA U
TOJIbKO Torja, korga Ve € C' u Yo € p(c) byuer cymecrsoBarh GYHKIWS Pe o @ C — [0;1], qs
KOTOPOH Peo(c) = o, Vo € C Beinonueno peq(x) € p(x)) u (C,peo) — HEIPOTHBOPEIUBBILIL .

st manbHeiimeit paboTbl ¢ MaTeMaTUIECKUMU MOJeIsiMi (PparMeHTOB 3HAHUN U X HabO-
pamu yJI00HO OIpPEJIEIUTh BEC, KOTOPBI cOOTBETCTBYeT Kaxkjiomy P33 — naepyskoli Wim eecom
®3 W(C,p) mazosem nogpasidasur andasura, Hag KoropbiMm 3agan P3: W (C,p) = {z; | z; €
C,z; € A} [32)].

Kazxaprit @3 o4eHb TeCHO XapaKTEPU3YeT CBI3U MEXKYy aTOMAPHBIMU IIPOIO3UIMSIMU, KOTO-
pble B HEIO BXOJAT, U CJOKHOCTH UX OOpabOTKH, KaK, HAIpUMep, IIPOBEpKa HEIPOTHBOPEYINBO-
CTH, pacTeT IKCIOHEHIIMAJIBHO C yBEJIUIEHHEM KOJIUIecTBa aToMoB. IlosToMy, Kak mpemmosara-
eTCsl B TEOPHUH ajredpandecKux 0aifeCOBCKUX ceTell, Bce yTBEpPKIeHUsI pa3dUBAIOTCs Ha TPYIIIILI,
dbparMeHTh! 3HAHUM, UMEIOINEe TeCHbIe CBA3W MEXK/Iy BHYTPEHHUMH dJIeMEHTaMH. TakuMm obpa-
30M MOYKHO PacCMaTpPUBATL HAOOPHI pparMeHTOB 3HAHUI M, COOTBETCTBEHHO, HAOOPHI MOjeseit
TuX (pparmMeHToB 3HaHWit. [Ipn 3TOM BO3MOXKeH cirydail, Korjaa oauH Bec oHOoro O3 MOJTHOCTHIO
BKJIFOUAETCsI B BeC HEKOTOPOTOo Apyroro O3 u moao0HbIe CUTYAINNA HEOOXOIUMO UCKJIIOUATEH BBULY
U30BITOYHOCTH UHGPOPMAIMK B IPOTUBHOM cjiydae. [losToMy HazoBeM HAOOPOM MAKCUMANGHBLT
modeaeti gipazmenmos 3nanul (nadop MP3, uim npocro MP3, nepsudHast CTpYyKTypa ajirebpa-
UIecKoil 6alleCOBCKON ceTn) Takoili HaOOp MaTeMaTUIecKux Mojesieil (hparMeHToB 3HAHUM, YTO
HuKakast Harpy3ka O3 He coepKuTCs MOJTHOCTHIO B HArpy3ke gapyroro O3 us mpejicraB/ieHHOTO
Habopa . To ectb Vi # j Bemosaneno: W (V;) ¢ W(V;) u W(V;) ¢ W(V;).

Kak u ornenbabie @3, mepBuvHasi CTPYKTYPa TaK:Ke MOXKET OBITh IPOTUBOPEYMBA, IIPUIEM

B TaKOM CJjiydae€ olIpeae/rdeTcd HECKOJIbKO CTGHeHefI, B 9aCTHOCTHU

o ABC sxcmepraavro nenpomusopevusa, eciim Kaxablii @3 8 ABC HelpoTUBOpPEYUB U OlleH-
KI BEPOSITHOCTH MCTUHHOCTHU KaXKJI0I'0 KOH'BIOHKTA, BXOJISIIEro B 6ostee dem ojun O3, cos-
MaJIAK0T C OIEHKAMU BEPOSITHOCTH TOTO KOHHBIOHKTA B Apyrux O3 .

o ABC unmepnasvro nenpomusopeuuesa, eciau kaxapiii @3 8 ABC mHenporuBopevns, a Tak-
ke J1st J1I000r0 KOoHbIoHKTa n3 ABC u 1 1100070 CKaJISpPHOrO 3HAYEHUs, B3SATOIO U3
MHTEpPBaJIa OIEHKU €r0 UCTUHHOCTH, €CTh CII0COO BbIOPATH COBIIAIAIONINE HA OJMHAKOBBIX
dopmyax ckaasipHble 3HAUEHUsT BO BeeX ocTanbHbix @3 B ABC makum obpaszoMm, 9To BCe
@3 ¢ ToOYeUHBIMH OTIEHKAMU Oy/IyT HEIPOTHBOPEUUBEI .

o ABC 2406a.4vH0 HEnpomusope usa, eCiii ee, ¢ ee OTeHKAMI BEPOSITHOCTEH, MOXKHO TTOTPY-

3UTh B ObbeMstionuit HenmporuBopeunpbiit @3 Takum 00pa30M, 9TO OIEHKH Ha (hopMyaax

ABC me nmoMengorcsa .

[Tocsie mocrpoenus ajrebpandeckoil 6aiteCOBCKON ceTw HAYHETCs ITall ee NpuMeHeHnsi. Ha
JAHHOI CTa/INM BO3MOXKHO U3MEHEHNE N3HAYAIbHBIX ITapaMeTPOB MOJIEJIN, U JIJIsl 9TUX CJIyYaeB, B
YACTHOCTH, PACCMATPUBAETCSI TAKOM MaTeMaTuiecKuil 00beKT, KakK CBUJEeTe/bcTBO. OH MoJiesu-
pyer HOBYIO nHdopMaImio o npeamernoit obsactu. Hanpumep, eciim nmeercst cchopmupoBannast

MOJIeJIb, OIMCBIBAIONIAs IIPOTHO3 IIOTO/bI, TO HOBOH mH(pOpMaIueil Oyr1eT yTBEp:KIEHHEe O TOM,
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YTO 3aBTPA ONPEJEJCHHO MONJIET CHEr WJIU TO, YTO 3aBTpa, CKOPee BCEro, TeMiieparypa Oyjer
Boitie () °C. Ha ocuoBe 3T0it mabOpMaIliny HEOOXOAMMO IOCTPOUTH CBUJIETENbCTBO U YIECTh €0 B
copmuposannoii mojiesn. O6paboOTKa MOCTYHAIONINX UJIU OIMEHKA BOZMOYKHBIX JIJIS TOCTYIJICHUST
CBUJIETETHLCTB SIBJISIETCST AITOCTEPUOPHBIM BBIBOJOM. [Ipn amocTepnopHoM BBIBO/IE MOTYT PaccMaT-

puUBaTHCA TPU BHJa CBUAECTEJILBCTBa, JETEPMIHUPOBAHHOE, CTOXaCTUYIECCKOEC U HETOIHOE I

o JlemepmMunuposartbim C8UIEMeAbCMEoM HA30BEM IPEIIIOJIOKEHNE O TOM, 9TO JacCTh aTo-
MOB TIOJTyYH/IM KOHKpeTHOe o3HaunBanue. Obo3HavaeTcss Kak (¢, ¢j), I€ ¢; U ¢ — KOHb-
IOHKTBI, KOTOPLIE COCTOAT M3 aTOMOB, IOJIYUHUBIINX COOTBETCTBYIOIINE ITOJOKUTEIbHbIE U
OTPULATEILHBIE O3HAINBAHUS .

e Cmozacmuueckoe ceudemesbcmeo — npeanooxkenue o ToM, uro Hag O/, nonpiaeare C,
3aJ1aeTCsI HEIPOTUBOPeUnBLId O3 cO CKAJISPHBIME OIEHKAMU, OIIPEIeISIONINNA BEpOITHOCTH
HCTUHHOCTH COOTBETCTBYIOIINX KOHBIOHKTOB .

e Hemounoe ceudemenvcmeo — npenosnozxkenne o ToM, aro Hag C’, nonpineane C, 3amaercsa
HenpoTuBopednBblii @3 ¢ MATEPBAILHLIMI OICHKAME, KOTOPLIA OIpEIesseT BEPOITHOCTH

UCTUHHOCTHU COOTBETCTBYIOIUX IJIEMEHTOB IIOJAbI/ICaJIa .

,HaHHI)IG CBUAETC/IbCTBaa MO2KHO JIOKaJIbHO PaCIIPOCTPaHATDH (HpOHaI‘I/IpOBaTI)) B MOJEJIAX
(bpaI‘MeHTOB 3HaHI/II'/JI, 9TO OIIMCaHO B . Takke Iporaranuio CBUAETE/JILCTBA MO2KHO IIPOBOJIUTDL

7 r100a/IbHO, Ha BCell ajarebpandeckoil OailecoBCKOI ceTn .
2.2. Bropuunas crpykrypa ABC

[Tomumo paccmorpenust mpocTbix HabopoB D3 cylecTByeT Crocod X MPEeICTABICHUS B BU-
e rpadoBoil CTPYKTYPBI, JOHOJHSIONEH Momean (hparMeHTOB 3HAHUN CBA3AMEU MEXKIY HUMU.
Jliist m3ydeHusi TaKOro crocoba clepBa JaJuM IHOHATHE cenapamopa, obmero s asyx 3. To
ecTb cenapaTopoM asyx M®3, V; u V;, nazoseMm nodaagacum, KOTOPEIl AB/ISETCS NepecedenneM
Harpysok stux O3: W(V;, V;) = W(V;)) N W (Vj),i # j . [Tpu srom napa M®3 HazbiatoTcst
COMNEHEHHDLMAU, ECTTH UX CETIAPATOP HEIYCT .

Hogoit rytobaibHOM CcTPpYKTY POt OYIET SIBASITHCSA B TAKOM CIIYYae 2padh MaAKCUMAALHOLT MOJe-
A€l Ppaemenmos 3nanuli — HEHAPABIEHHDBIN Tpad, BepITuHAM KOTOPOTo comocTaBieHnbl MD3,
pomreame B ABC u pebpa BO3MOXKHBI TOJTBKO MeKIy codnenenubivu P3. Kaxk u jyist Mmomenn
dparmenTa 3HaHUi, 1 pedbpa 9Toro rpada Takke yA00HO 1aTh IMOHATHE Beca . Haepysxod
W({{Vi, V;}) pebpa {V;,V;} € E(G) rpada G nasosem cemaparop ero xkoumnos: W({V;,V;}) =
W (Vi) N W (V;) . Omnpenenum n nazpysxy W (H) nodepagpa H C G — nanbosbmmii 10 BKJIIO-
Jenns noaandaBuT, BXOAAMII B Harpy3Ky seex sepiun noarpaba: W(H) = Nycqg W(V) .

st rpadoB, MOCTPOEHHBIX 110 BHIMTEOITUCAHHOMY IIPUHITAITY, XapaKTePeH OIPEIeIeHHOTO BU-
Jia IyTh. A MMEHHO PACCMOTPUM MA2UCTPANLHBLT NYMb MEXKIY COUJeHEeHHBIME BepIIHHAMA V;
u Vj — Takoil IyTh MexKJy STUMU BePIIMHAMH, YTO Harpy3Ka KazKJI0i BePIIMHEL IIyTH COAECPIKUT
cerapaTop KOHIIOB 3TOrO My TH . Hastee rpad OyneT Ma2ucmpasvHo C8A3EH, €CITH MEXKTY KayK-
JIOIl U3 €ro COWIEHEHHBIX BEPIINH CYIIeCTBYeT MATUCTPAIBHBIN Iy Th . I'pagp emeosrcrnocmu —
MarucTpaJibHO CBsi3HbI rpad M3 . Aepeso cmestcnocmu — rpad CMEKHOCTH, IIPEJICTABU-
MBIl B BUJIE JiepeBa .

Ecnu nmeercst anmkaunanas ABC, To 3 ee HHTEpHAIBHOM HEITPOTUBOPEUYUBOCTH CJIEYET TJI0-
babHast . 3aMeTnM, 9TO ¢ yIeTOM 3TOTO YTBEPKICHNS SKCTEPHATBLHO HermpoTuBopeunBast ABC
CO CKaJISIPHBIMU OIIEHKAMH, MpeJICTaBiMasi B Bujie jiepeBa cmexknocru (anukindauas ABC), rio-
6aIbHO HEMPOTHBOPEUNBA, TaK KAK 9KCTePHATbHAS HEITPOTUBOPEUNBOCTD st Takoit ABC Bieyer

WHTEPHAJIbHYIO HEOCPEJICTBEHHO 10 ONpeieieHnio. [ia nmomaepkanusi U MPOBEPKU UHTEPHAb-
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HOM, robabHON HenmporuBopeunsoctu ABC, mHemporuBopeunsoctn P33 mpUMeEHsIETCsT peIieHne
3aj1a4 JuHeiiHoro nporpamvuposanust (3J11T) , IIPA 3TOM IIPOBEPKa MHTEPHAJIbHON HEeIIpo-
TUBOPEYUBOCTH (& TeM 0oJiee SKCTEPHAIBHON) MMeEeT 3HAYUTEHHO MEHBIIYIO BHIUUCIUTETbHYIO
CJIOYKHOCTD, YeM IPOBEPKA IVI00AJBHOMN, MO3TOMY YTBEDPXKJEHHE O IIOOAJIBHON HEIPOTUBOPEUNU-
BOCTH, CJIEJIyeMOI M3 MHTEPHAJIBHO (9KCTEPHAIBHON) TIOJIE3HO IPU IIPAKTHIECKOI pean3anun
MIPOBEPKHU HEIPOTUBOPEINBOCTHU .

B pesymnbrare, momMumo nepBudHOoil cTpyKTypbl ABC, MOXKHO JIaTh onpeesieHne 6mopusHod.
Takoit cTpyKTYypoil OyIeT sSIBJISIThCS HEKOTOPHIH rpad cMmexkunoctu ABC .

PaccmoTprM 9acTHBIE ciilydad BTOPUYHBIX CTPYKTYyp. Hampumep, munumasvrolt 2pagd
emeorcnocmu, (MI'C) — rpad cmexxknocTH, dmcsio pebep KOTOpOro MEHIUMAJIBHO .

Tak Ke CyIecTBYeT MOHATHE MAKCUMAALHO20 2pada cMenchocmi Gge — HAMOOJBINETO 10
qucyy pebep rpada CMexKHOCTH . JL71s1 33/1aHHOTO MHOKECTBA, BEPIIIUH CYIIECTBYET €/IMHCTBEH-
HBIIT MAKCUMAJIBHBIN rpad CMEXKHOCTH, TO €CTh TOT, B KOTOPOM MEXKJY BEPIIUHAMU CYIIECTBYET
pebpo TOJIBKO TOTJA, KOIJIa OHU COUJICHEHHBIE .

Crnenyst , JOIIOJTHUTEJIBHO IIPEJIIONOXKUM, YTO MEepBHYHAasd CTPYKTypa C84A3HG, TO €CThb
CBSI3€H MAKCHMAJIbHBIN I'pad CMEXKHOCTH, IMOCTPOEHHBIH HaJl 9TOi CTPYKTypoil. B mporuBHOM

cJIydae MO2KHO pacCMaTpUBaTb Ha60pb1 BepImuH U3 K&)K,ILOI;'I KOMIIOHCHTBI CBA3HOCTH KaK OTICJ/Ib-

uoie ABC.
2.3. Tperuunas crpykrypa ABC

Jlajee mepeiliieM K OCHOBHOMY OOBEKTY, paccMarpuBaeMoMy B pabote. Ilepenm ero memo-
CPEeJICTBEHHBIM OITpejieJIeHneM HEeOOXOMMO TaK»Ke BBeJeHNe HECKOJIbKUX HOBBIX MOHATHH. Tak,
cyorcenuem G | U rpacda G Ha mHarpysky U HazoBeM rpad, B KOTOPBLIA BXOIAT T€ U TOJBLKO
Te pebpa U BepIINHBI UCXOJAHOTO rpada (G, HArpy3KW KOTOPBIX PaBHBI mwin comuepxkar U .
3nauumoe cysicenue — Cy’KeHUe Ha Harpy3Ky, KOTOpasl SIBJISETCs CEMapaTOpPOM JIJIsT HEKOTOPOM
naper MO3 . Ha cy»xenune MOXXHO HAJIOKUTD JIOTIOJTHUTETHHBIE OTPAHUYEHUST, TOTJIA, TIOJTY M
cunonoe cyscenue G | U — cyxenne G | U, u3 koroporo yjanmim Bce pebpa Harpysku U .
[Tocse cunproro cyxenus rpad G | U pa3buBaercs HA KOMIIOHEHTBI CBA3HOCTH, [IOCJIE CYYKEHUST
xe G | U rpad ocraercs CBA3HBIM .

O HUM W3 OCHOBHBIX OOBEKTOB B HOBOOIPEIESIEMON CTPYKTYpPE OVAET 3HAYUMAA Ha2PY3-
xa U — HemycToil cenaparop HeKOTOpoil mapbl O3 mepBUYHON CTPYKTYPHI . 3amrHymobLm
ace CHUY MHONCECTNBOM HA2PY30K HA30BEM OODLEINHEHNEe MHOXKECTBA 3HATUMBIX HATPY30K C
MHOXKECTBOM Harpys3ok sepimua MOP3 . 3amMEHYMOE MHONHCECTNBO HAZPY30K — O0bEINHEHUE
3aMKHYTOI'O CHU3Y MHO2KECTBO HAaIrPy30K C OJHO3JIEMEHTHBIM MHO2KECTBOM, COJAEPzKaIllUM ITyCTOE
MHO>KECTBO .

ITpu sToM Ha MHOXKECTBE HAIPY30K CYINECTBYET YACTUYHBLIN MOPSIOK, SBJIAIONIUNCT OTHO-
nieHreM BKJOYeHus. Takum o6pasomM, podumenvckum epagom (mpemuurotc cmpyrmypot ABC)
Ha30BeM JuarpaMmy Xacce 3aMKHYTOTIO MHOXKECTBA HATPY30K . Hunarpammy Xacce MOXKHO

paccMaTpUBaTh KaK TPAH3UTHUBHOE COKPAIEHME, MO3TOMY POJIUTEIHCKUN rpad €IuHCTBEHHBIH

npu 3aJlaHHoi nepBuvHOit cTpykType ABC .
3. AnocTrepuopHBIii BBIBOJ,

B sTom pazseste omuiieM aJropuTM UCIOIB30BAHN TPETUIHON CTPYKTYPBI B AIIOCTEPHOPHOM
BBIBOJZIE. B mTOTE mMOJIydnM OCHOBHYIO Iporieaypy Posteriorilnfer, mpu npuMeHeHUN KOTOPOit

OyIIeT MporarupoBaThCs COOTBETCTBYIOIIECE CBUICTEIHCTBO.

2023, 1. 12, Ne 1 67



IIpnMmeHeHMEe TpeTUYHOI CTPYKTYPHI ajiredOpamdecKkoii baiiecoBckoil ceTu ...

Obiriee ornncanue ajJropuT™Ma arnoCTEPUOPHOTO BBIBOJIA C IIPUMEHEHUEM TPETUYHON CTPYKTY-
pBI paccMaTpuBaeTcst B pabore . B Heil moka3bIBaeTCsI TeOpEMa O TOM, UTO aJTOPUTM 3aBEPIITUAT
paboTy U 1OCJIe 3aBePIEHUs CTPOUT OIEHKU BEPOATHOCTEH, KOTOPhIE B CJIydae TOUYEUHBIX OIEHOK
COBIAQJIAIOT C PE3YJIbTATOM PabOThI aJrOPUTMAa IIPOIATAINI CBHUJIETEIHCTBA 10 MUHUMAIHLHOMY
rpady CMEKHOCTH, IIPU 3TOM PACCMATPUBAIOTCH TOJIBKO AIUKJINYECKUE ajredpandecKue CEeTH.

Paccmorpum 310 0bIiee onmcamnne, B3sITOE U3 :

1. Pacmupocrpanurs cBujgerenbeteo B O3, Bxomgamme B cy)eHne Goae 4 U JJIsT HEKOTOPOd
Harpy3Ku U, CoJeprKalieil Harpy3ky cBujerenbcTBa. IlopropHast npomaramust B @3 He mpo-

BOJUTCH .

2. TlomeTuTp © U BCEX €e MOTOMKOB. KC/m CyIeCTBYIOT HArpy3KH CO BCEMU ITOMEIEHHLIME
JEThbMU, TTIOMETUTD UX .

3. BeibpaTh HermoMe4yeHHY0 HAIDY3Ky MaKCHMAaJIbHOW MOIIHOCTH v (110 KOJMYECTBY aTOMap-
HBIX IIPOIO3HUIHI), CBIHOM KOTOPOI SIBJIsIeTCsI HEKOTOpAasl IIOMeveHHasi Harpy3ka w. Eciu Bee
Harpy3KHU IIOMEYEHBI U BLIOPATH ¥ HE yIAeTCsl, TO 3aBEPIIUThL PAdOTY .

4. B nporuBHOM ciiydae, €CJIM yAaJoCh BeIOpATh v, c(hOPMHUPOBATH CBUIECTEIHCTBO HATDY3Ka

KOTOPOTO COBIAJIAET C U, & OIEHKH BEPOSITHOCTU B3ATHI u3 Kakoro-iubo ®3 w. [lepeiitu k
mary 1 .

B pa60Te TaK2Ke OIIMChIBaeTCA, 9TO ,HaHHbeI AJITOPUTM BBIIIOJIHUM, €CJIN Hal'PDYy3Ka U3HaYaJIb-
HOI'O CBUAETEJIbCTBA COJCP2KUTCA XOTA OBl B OJHOM Yy3JI€ POJUTEJILCKOT'O Fpa(ba, nHa4ve IIpuMeHsI-
I0T METOI PaCIIPOCTPaHCHUA MHOZ?KECTBa JETEPMUHNPOBaAHHBIX CBUACTE/ILCTB, paCCManHBaeMbeI

B pabore .

DroT AJITOPUTM (HCGB,ZLOKO,H,), a TaKzKe BCIIOMOraTeJIbHbIE aJIlOPUTMbI, IIPEACTaBJICHbI B JIN-

cruHrax|l|um

IMosicnenus K aJIrOpUTMaM:

e Asroputrm InferInSubgraph
— Mark u IsMarked — nomMmeyaronye Harpy3Ky U IPOBEPLIOINIE HA HAJIUYNE METKHU IIPO-
OEAYyPBL;
— Propagate — mponeaypa, JJOKaJIbHO PACHPOCTPAHAIOMAA CBUACTEIBLCTEO.
e Ajropurm GenerateEvidenceIfPossible
— SeparatorsNarrowing — cJ0Baph, COMOCTABISIONTH Kaka0My cernapaTopy @3, Bxo-
JAIUX B CyzKeHue Ha Hero;
— GenerateEvidence(u, kp) — dyukiusa, dopMupyoiias CBUACTEILCTBO I KOHb-
IOHKTOB U3 U U OIIEHOK U3 kp;
— Any(s) — dyHKIWMs, BO3BPAIIAOIIAs HEKOTOPHIH (JII060i) 9JIEMEHT U3 MHOXKECTBA S;
— MoKHO yBeIMIUTb CKOPOCTH pabOTHI AJITOPUTMA, €CJIA [IPU YCTAHOBJIEHUH METKHU OI10-
BEIATh POJUTE/ILCKIE BEPITUHBI 00 9TOM, a IIPU MPOCMOTPE POJIUTETbCKUX BEPIIUH
[IPOCMATPHUBATH KOJIMIECTBO MeTOK y jereit. Ho iy sToro moryT moHao0uThes J1o-
TIOJTHUTEJIbHBIC CCBLIKN Ha POJIUTENICH.
e Ajropurm Posteriorilnfer
— SortedWeights — Bce Harpysku, Braodas O3 u cemapaTopbl, OTCOPTHPOBAHHLIE B
[IOPsiJIKE YMEHBINEHNs] KOJIMYeCTBa aTOMAPHBIX Ipono3uluil. B KoHie crout mycras
Harpy3kKa — BEPIIUHA POIUTEIHLCKOTO Ipada;

— Contains — QyHKIUS, IPOBEPSIONIasl BKIIOUeHHe cBHjerebeTBa Bo P3. Paboraer

za O(1).
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JIuctuar 1 BcenomoraresbHble aJropuTMbl, HPOHATHPYIONINE CBUJETEILCTBO B moarpade
(InferInSubgraph) u dopmupytomue cujgereabcrBo (GenerateEvidenceIfPossible) B coor-

BETCTBUU C aJITOPUTMOM AIIOCTEPHUOPHOI'O BBIBO/IA

1: > Peanmuzyer mar 1 u gactp mara 2
2: procedure INFERINSUBGRAPH(e € Evidences, w € Weights)

3: MARK(w) > B mporecce mpomaramyuy moMedaeM BEPITTHbBL
4: if w € KnowledgePatterns then

5: PROPAGATE (e, w) > Pacnpocrpansiem csumerebcrso B O3
6: return > Bepmuna ¢ Harpyskoit B Buge @3 — Jmmct, 109TO-

My TOTOMKOB y Hee HeT. DTa CTPOKA JIJIsi ICHOCTH
ajropurMa, 6e3 Hee CJIEIYIONIUI ITUKJ BCE PABHO

OBl HE 3aIyCTUICS

7 for all child € w.Children do > PacmnpocrpansieM cBHIETEILCTBO BHU3 110 DPOJIH-

TEJILCKOMY Ipady — OT POJuTesell K IIOTOMKAM

8: if not ISMARKED(child) then > IloBTOpHAs pomaralys He MTPOBOIUTCS
INFERINSUBGRAPH(e, child)

10:

11: > @opmupyer cBumeTesbcTBO B 4 mare. CBuierebcTo (GOPMUPYETCS TOIBKO TOTJA, KOTIA Y HEIOo-
MEYEHOH v €CTb M HOMe‘ﬂIeHHbeI7 1 HeIOMeYeHHbI moToMOK. B OPOTUBHOM CJIy4dae v He€ IIOJAXOJUT 1
Bosspamaercs Null

12: function GENERATEEVIDENCEIFPOSSIBLE(v € Weight, sn € SeparatorsNarrowing)

13: if not ISMARKED(v) then > Cpasy mpoBepsieM v Ha HEIOMEYEHHOCTh

14: hasMarkedChild « false

15: hasNotMarkedChild «+ false

16: kpWithEvidence < Null > kpWithEvidence 6yner xpanurs @3 s
w u3 4-To mara

17: for all w € v.Children do

18: if ISMARKED(w) then

19: if not hasMarkedChild then

20: hasMarkedChild < true

21: kpWithEvidence < ANY(sn|[w]) > BreiGupaem Hekoropsiil (mroboit) D3,
BXOINAINUI B CyKeHue Ha w

22: else

23: hasNotMarkedChild + true

24: if hasMarkedChild and hasNotMarkedChild then

25: return GENERATEEVIDENCE(v, kpWithEvidence)

26: if hasMarkedChild then

27: MARK(v) > ByayT momedeHbI BCce CBIHOBbSI, TaK Kak

hasNotMarkedChild = false, unaue BozBparuaoch
OBl CBUIETEJIBCTBO B CTPOKe 24

28: return Null
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NCTUHTI JITOPUTM aIlOCTEPUOPHOI'0 BBIBOJA C IPHUMEHEHUEeM TPETHUYHOI CT KT bl
JI 2 A o YKTY

Posteriorilnfer
1: > Iponenypa, npu npuMeHEHHH KOTOPOil MPOIArnpPyeTCsi CBUIAETEILCTBO €

2: procedure POSTERIORIINFER (e € Evidences, pg € ParentGraphs)

3: weight ToPropagate < Null > weightToPropagate Oymer xpanurh Ha-
IPY3KY JIsI CJIEYIONIEH TPOmaraum

4: for all w € REVERSED(pg.SortedWeights) do > Umem HavaIbHYIO HATPY3KY JIJIs TPOTIa-
raiuy — HAUMEHDBINYIO 0 BKJIIOUEHUIO

HarpysKy, COJIEPXKAIILYIO €

5: if CONTAINS(w, e) then
6: weight ToPropagate < w
7 break
8: if weightToPropagate = Null then > B ajropurme paccMaTpuUBaeTCsl TOJIb-
KO CJIydail, KOr/ia CBHUIETEILCTBO COJEP-
JKATCS XOTsI ObI B OJTHOIN HArpy3Ke
9: return
10: while not ISMARKED(pg.EmptyWeight) do > IToka me momeuen Bech rpad (ecsu 1o-
MeYeHa IycTasl HArpy3Ka, TO MOMEYeHbI
BCe ee OTOMKH, & 3HAYUT U BeCh rpad)
11: INFERINSUBGRAPH (e, weight ToPropagate) > PacmpocrpaHnsieM CBHIETEIBCTBO B IIOJ-
rpad ¢ KOpHEM B BBIODAHHOI HAIDY3Ke
12: for all v € pg.SortedWeights do > IlepBas gacts 3-ro mara. Beibupaem Ha-
IPY3KY v
13: e + GENERATEEVIDENCEIFPOSSIBLE(v, pg.Sorted Weights) > @opmupyeMm HOBOE
CBHJIETENLCTBO (B
4 mare)
14: if e # Null then
15: weight ToPropagate < v > Beibupaem v
16: break
17: if pg.HasIntervalKP or e.IsInterval then
18: KEEPINTERNALCONSISTENCY (pg) > Ecam OIeHKH NOJIy4Yn/NCh WHTEPBAJIb-

HbBIMH, TO IIOAJAEepPzKUBaeM HWHTEPpHAaJIb-

HYIO HEIPOTUBOPEYIUBOCTDH

YrBepxkaenue 1. Ajropurm Posteriorilnfer B cilydae CKAJISIPHBIX OIEHOK HAZHAYAET OICHKH
BEpPOSATHOCTEN, coBIajaoImue ¢ pesysabraroM nponaramuu o MI'C, a B ciiydyae WHTEPBAIbHBIX
OIIEHOK CTPOHUT HAKPBIBAIOIINE OIEHKHU, KOTOPbIE ObI COOTBETCTBOBAJIM PE3YJIHLTATY IIPOMATAINH

B MI'C, eciim Ob1 pacupocTpaHeHie BUPTYaJbHOI'O CBUJIETEIbCTBA JIABAJIO TOYHBIE OIEHKU.

Hoxasamesvcmeo. st Hagasa pacCMOTPUM COOTBETCTBHE IIPEJICTABIEHHOIO AJITOPUTMa U 00-
IIero onucanus. B 1e1oM, TpoucxXoIUT HEIOCPEICTBEHHAS Pean3alus OOIIero OMuCcaHus, ¢ TeM
JIAIIb OTJIMYUEM, YTO YCTAHOBJIEHUE METKHU Ha BEPIIUHBI, JIjIsI KOTOPBIX BCE CHIHOBbSI IIOMEYEHDI,
IIPOUCXOJUT BO BpeMsl BhIOOpa BEPIIUHBI 4 B Iare 3. AJIropuTM oTpaboTaeT KOPPEKTHO, Tak
KaK ChIHOBbSI BKJ/TIOUAIOT DOJIbIIIEe YMCJIO ATOMAPHBIX IIPOIMO3UIINAN, TIOITOMY OHHU, PACCMATPUBAS
sortedWeights, Oy/iyT HPABUJIBHO IIOMEUEHBI IIEPE]] PACCMOTPEHIEM POJUTEIbCKON BEPIITUHBI.
Caydait ckaJspHBIX OIIEHOK pa3o0paH B pabore , [IOKa3bIBAIOIIN, YTO IIPU JAHHBIX YCJIO-
BUAX aJII'OPUTM CTPOUT OLIEHKHU BEPOATHOCTE(l, KOTOPble COBIAAIOT C PE3YJIbTATOM IIpOIlaraiuu

CBUAETEJIbCTBA 110 MUHUMaJIbHOMY rpad)y CMEZKHOCTH.
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Pazbepem paboTy ajropurma ¢ HHTEPBAJIBLHBIMEU OIEHKAMU BEPOSITHOCTU UCTUHHOCTH. B Ta-
KOM CJIydae Ipoliaraius BUPTYaJIbHOTO CBUIETEIBCTBA MexK 1y nByMst D3 mpemoiaraeT HaxXoxK-
JIeHUE 9KCTPEMATHLHBIX 3HAYEHUH, COMOCTABIISIEMBIX UTOTOBBIM OIEHKAM, TTOJTYIa€MBIM TTOCIIE TTPO-
maranun. [Ipn 95TOM TIpM HAXOXKIECHUN COOTBETCTBYIONNX MUHUMYMOB W MAKCHMYMOB PACCMAT-
PUBAIOTCST BCE JIEMEHTHI U3 CEMENCTB paclpee/IeHnit, COOTBETCTBYIONINX ONMEHKAM KaK CBUIE-
TeJIbCTBA, Tak u camoro P3 . [MosTomy, ecu cBueTenbCTBO 1/ 1 P3 nMen HaKphIBAIOIITE
NHTEPBaJIbHbIEC OIIEHKU, TO OII€HKU BEPOATHOCTU UCTUHHOCTH, ITOJIYI€HHBIC B TAaKOM CJIy4ae I10CJIe
pacipocTpaHeHusd CBUIETE/ILCTBa, 6yﬂyT HaKPbIBaIOIIMMHU 110 OTHOIIEHNIO K OIl€HKaM, ITOJIYyY€H-
HBIM B p€3yJjibTaTe IIpoliaraiun ¢ TOYHbIMU OII€HKaMM.

Jlaee, kak mokaspiBaeTcd B pabore , nocsie mara 2 noarpad G’ MUHMMAJILHOTO Ipa-
da cmexnoctu G, cocrosinuii u3 nomedeHHbIx O3, ocraercs: ¢BsA3eH, a HoArpad, MOy IaeMblii
U3 HEIIOMEUEHHBIX BEPIIWH, Pa3dbuBaeTcss Ha HECKOJBKO KOMIIOHEHT CBSI3HOCTU, W IIPOIATAIlUs B
MI'C B KaxXJIyH KOMIIOHEHTY CBSI3HOCTH C; B IIPOUCXOUT 110 €IMHCTBEHHOMY PEOPY, COEITUHSIIO-
memy G’ u ¢;. B Takom ciiydae nponaramys CBUIETEIbCTBA Ha HOBble KOMIIOHEHTHI CBA3HOCTH C; B
MI'C 6ymer cOOTBETCTBOBATD IPOIATAIINN C UCIIOJIb30BAHIEM AJITOPUTMa C TE€M JIMIIb OTJIMINEM,
YTO MOTYT MCIOJB30BATHCS PA3Hble HAKPBIBAIOIIIE ONEHKU i1 BUPTYaJbHBIX CBUIETETLCTB U
MOJTyIATHCST TAKIM 00pa30M pas3IMIHbIe HAKPBIBAIONINE allOCTEPUOPHBIE ONEHK.

Tak ke cTOUT MOGABUTDH, UTO B pe3y/bTaTe MPOTATAIN O AJTOPUTMY MOTYT MOJTYIHTCS
MHTEPHAJBLHO TPOTHBOPEUNBLIE HAKPHIBAIONINE ONEHKH, MOITOMY HEOOXOJAMMO 06eCednBaTh CO-
OTBETCTBYIONIYIO HEMPOTHBOPEUNBOCTD, KOTOPasi, B CAydae allUKJINIHON MEPBUIHON CTPYKTYPDI

JIACT TI00AJIBHYIO. O

YrBepxkaenue 2. Cii0KHOCTb PADOTHI AJTOPUTMA AIIOCTEPUOPHOTO BBIBOJA C IIPUMEHEHUEM
TPETHYHOI CTPYKTYPBI B CIydae CKAJSPHBIX OIeHOK JiexkuT B Kiacce O(w(w - O(Propagate) +
San€s + ¢)), tae w — obmee kommdectso P3, O(Propagate) — CI0KHOCTH (DYHKIWH, JIOKATIHHO
PACIIPOCTPAHSIONIEH CBUIETENBCTBO, Sgy — KOJUYIECTBO BEPINUH B POIUTETHLCKOM Tpade, €5 —

KOJIMYECTBO pebep B rpade CMEeKHOCTHU, ¢ — MaKCUMaJIbHOE YUCI0 KOH'bIOHKTOB B D3,

Zoxazameavcmeo. Paccmorpum cioxkuocts InferInSubgraph. Anropurm B cTpoke 7 paccMmar-
puBaeT Bce pebpa B noarpade poJinTesbCcKoro rpada, cojepKaline HArpy3Ky %, B KOJTUIECTBE €.
Hoiinst o nuctbeB-O3, paccMaTpuBaeMbIX B KOJIUYECTBE W, NITYK, aJTOPUTM IIPOIArUpyeT B
HUX CBHJETEIBCTBO (cTpoka 5). Takmm o6pa3oM CJI0XKHOCTH aJropuTMa Oy/IeT BBIPAXKATbCs KAk
O(wy - O(Propagate) + e,). Ilpu arom w,, < w u e, < e,, 0TCIOIA CieayeT Gosee obmuUil Kiace,
B KOTOPOM JIEZKHUT CJI0KHOCTH InferInSubgraph, pasubiii O(w - O(Propagate) + es).

JlaJtee oreHUM CJIOKHOCTB ajiropurma GenerateEvidenceIfPossible. AsiroputM paccmar-
puBaeT Bcex Jiereil BepIIMHBI u B KosmdecTse ch, (crpoka 17) u, BO3MOXKHO, M€HEpUDYET CBU-
neresibeTBo (cTpoka 25), 6epst onenkn u3 @3 KPWithEvidence. Basitue ornenok norpedyer He
GoJibIiie YeM ¢ onepaimii, u chy, < es. [loaroMy coxkHOCTD ajropur™a Jjexkut B Kiaacce O(es+c).

[Tepeitnem k anroputmy Posteriorilnfer. B crpoke 4 paccMmarpuBaioTcs He 0ojiee UeM Sy
3JIEMEHTOB, TJIE€ Sqi — KOJIMYECTBO BEPIINH B POAUTENbCKOM rpade. lamsee zamernm, 4To Ha
KakJIoM mmare nukjia while mpomcxoauT mporaraius CBHJIETEBCTBA XOTs Obl B OJIMH HOBBIA
D3, 1109TOMY KOJIMYECTBO UTEpAIUil 9TOro IMuKJjaa He OyaeT npeBocxoanTh w. Ha Kaxkjaom tra-
re npoucxoguTr pabora asropurma InferInSubgraph, 3arTem BbIIOTHsSETCH He Hojiee YeM Sqp
pa3 pabora GenerateEvidenceIfPossible. 3amedy, 49TO CO3J/ilaHHE HOBOI'O CBUTEIE/IHLCTBA B

GenerateEvidenceIfPossible mpoucxouT OJWH Pa3 3a UTEpAInio IuKIa while, mosroMmy oren-
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Ky CJIO’KHOCTH BCETO aJrOPUTMa MOYKHO IpecTaBuTh B Buje O(sq +w(w - O(Propagate) +es +

Sqil€s + ¢)), aro sexur B kinacce O(w(w - O(Propagate) + sques + ¢)). O

B ciayuae mHTEpBAJIBHBIX OIEHOK I00ABJIAETCA CJIOYKHOCTH IMOJJEPXKaHNUsT WHTEPHAILHOM

HETPOTUBOPEINBOCTH.

4. IlpoBepka aUKJINYHOCTHI

B sToM pazjesne pemmM 3ajady NPOBEPKU AIMKJINYHOCTH ajredpamdeckoil 0aiiecoBCKOit
CeTH € UCIOJIB30BAHUEM TOJBKO TPETUYHON CTPYKTYphl. B pesyibrare omnuiieM GyHKIAO
GetComponentQuantity, mocje mpuMeHEHUsI KOTOPOH MoJyanM o0Iee YUCI0 KOMIIOHEHT CBS3-
HOCTH, YTO B COYETAHUU CO CJEAYIOIIeH TeopeMOi, OlMCaHHOA B , IIOMOXKET JaThb OTBET Ha

BOIIPOC 00 aIUKJINIHOCTH ajrebpanydeckoit 6aiteCoBCKOi ceTu:

Teopema 1. Cassnas nepsuunas crpykrypa ABC muknvaHa Torga u TOJBKO TOT/A, KOrja He

BBIIIOJIHACTCA COOTHOIICHUE!:

IMKP| = Y~ Conn(Gmaz + U) — |Sep| + 1,
UeSep

rie MKP — nepsuunasi crpykrypa ABC, na6op @3, Conn(Gpar 4 U) — uncio KomMrnoHeHT

cBsizHOCTH Tpada Gmar + U, Sep — MHOXKECTBO HEIyCTHIX CEelapaTopoB.

st Toro, 9To0BI IPUMEHUTH 9Ty TEOPEMY Ha HMPAKTUKe, HEOOXOIUMO PACCUNTATH KarxKIoe
U3 CJIAraeMbIX BbIpakeHus. MOIIHOCTh IEPBUYHON CTPYKTYPHI paBHA KOJUYIECTBY JUCTheB-DP3 B
poanTenbCKOM rpade, 9TO0 MOXKHO ITOCUUTATH IPHU MOCTPOEHUN POAUTEIHCKOTO rpada. Kommae-
CTBO BEPIIUH POJUTEIBCKOrO I'pada Oy1eT COOTBETCTBOBATH KOJIMIECTBY CEIapaTOPOB, HCKJIIOUAST
MyCTYIO, BEPXHIOIO BEPIIMUHY U JUCThs. TakuM 00pa30M, OCTACTCHA IMOJIYIUTh UMCIO KOMIIOHEHT

CBSI3HOCTH C UCIIOJIb30BAaHUEM TPETUIHON CTPYKTYpbI. [lj1g 3T0OTO0, CliepBa, J0KaXKeM TeOpeMy:

Teopema 2. Bosbmem napy Bepiiun ¢ Harpy3kamu B Bujie O3 kpy u kps u cuibHOe CyKeHUe
HA 3HAYUMYIO HArpy3Ky u. Torga 9Tu BepIIMHbBI JieXKaT B 0JiHO# KoMmmoneHTe cBsznoctu Cy rpa-
da Gpee 4 ¥ B TOM U TOJBKO TOM CIIydae, eCJIN CyIeCTBYeT TaKasl MOCIeT0BATEIHHOCTD BEPITHH
¢ Harpy3kamu B Buje O3, 9T0 BEPIIUHBI ¢ HArPY3KaMu kpi U kpo sIBJISTFOTCS KPAlHUMH, a TaKyKe
JJTsT TI000M TAapbl COCETHUX BEPIUH ¥; U V;jt] B ITOH MOCIETIOBATEILHOCTH CYNIECTBYET HATPY3-
Ka, KOTOpasd ABJIAeTCd OJHOBPEMEHHO M IIPEJKOM IIO0 OTHONICHUIO K v; U 'Uz'_t'_l, 1 IIOTOMKOM IIO

OTHOITICHUIO K BEPIIUHE C HATPY3KOH u B pomuTenbeckoM rpade. PopmasbHO:

kp1, kpe € Cy & Jvy = kpy,v2, ..., 0p—1,0, = kp2 :

Vi=1,..,n—1:(Jw:v;viy1 € descendants(w) & w € descendants(u)).

Hoxazameavcmeo. TlycTh HalLach MOCIEI0BATEHLHOCTh KaK B YCJIOBUU TEOPEMbI, CBA3BIBAIO-
mast kp1 u kpy B rpade Goae | u. PaccMoTpum mmapy coceHuX 971€MEHTOB ITOCIEI0BATEILHOCTH.
Tak Kak MeXKIy 3TUMH 3JIeMEHTaMU CYIIECTBYeT BEpIINHA W, KOTOpas HABJSIETCs MPEIKOM I10
OTHOIIIEHUIO K HUM, TO Pebpo, COeTUHSIIONIee STH 3JIEMEHThI, BKJIodaeT Bec w. C apyroit cropo-
HBI, W — IIOTOMOK I10 OTHOIIEHHUIO K U, II09TOMY HAIPYy3Ka CBA3YIOLIEro pebpa Oyaer coaepKaTb,
HO HE PABHATHCS . TaKuM 00pa3oM, CyIecTByeT nyTh B Giae § U MEXKTY BEPIINHAMHE C HATPY3-

KaMu kpy u kpg, O3TOMY OHM JIeXKAT B OJIHON KoMmIoHeHTe cBA3ZHOCTH ().

72 Bectauk FOYpI'Y. Cepus «BpruunciaurenpHas MmareMaTnKa 1 “”HOOPMaTAKA»



A.A. Barkun, M.B. A6pamos, H.A. Xapuronos, A.JI. Tymynbes

IIycrs kpy u kpy stexkar B oguoit kommoHenTe csasnoctu Cy,. Torma MexX Iy HIMU CYIIeCTBY-
eT IyTh, KOTOPBI CBsI3aH pebpaMu, HATPY3KH KOTOPBIX COJAEPXKAT, HO HE PABHSIIOTCS HAIPy3Ke
cusibHOTO cyzkeHus u. CemoBaTebHO, CYIIECTBYET yKa3aHHAS B YCJIAOBHU TEOPEMBI ITOC/IEI0Ba~

TEJIbHOCTDH BEPIIIIH. [l

Bameyanue 1. PaccmorpuM JiBe BepIIuHBL w) U wy B poauTeabckoM rpade. Ecmm cymecrsyer
BEPIINHA VU, SIBJISIONIASICS JIJIST HUX OOIIIM HOTOMKOM, TO Bce D3, KOTOPbIE ABJIAIOTCST IOTOMKAMI
[0 OTHOIIEHUIO K W] U W2, JIEXKAT B OJHON KOMIOHEHTE CBSI3HOCTH, KOTOpast Oblila MOJIydYeHa B
pesysbraTe CHJABHOIO Cy’KEeHHsl HA HOBYIO, OOILYIO Jyls BEPIIMH W] U Wy BEPIIMHY-IPEIKA 1U.
Boutee dopmanbho: ecam Jwy, wy : kpy € descendants(wi) & kpe € descendants(ws) & wi, wy €
descendants(u), a Takxke Jv : v € descendants(w;) N descendants(wz), To kp1, kpa € Cj,.

Taxum 06pasoM, IPeIOCTABUM AJTOPUTM MOJACYETa UNCJIa KOMIIOHEHT CBA3HOCTH, OIMUPAIO-
muiics Ha JOKa3aHHYyI0 TeopeMy. IIpearmomoKuM, 9T0 HyXKHO HAWTU YIUCIO0 KOMIIOHEHT CBSI3HO-
ctu rpada Gper + u. s sToro OygeM pacupocTpaHsiTh MO POIUTEILCKOMY rpady oT Bep-
IIAHBI 4 MapKepbl, Ha30BeM ux ysemamu. CHadaa pacIpoCTPAHUM OT U Pa3AuYHbie IIBETA JI0
KaXKJI0# BEPIMUHBI-TIOTOMKA U. /laiee, OT KarKI0il BEPIINHBI-ITOTOMKA U PACIPOCTPAHUM II0 y7Ke
WX BEPIIMHAM-TIOTOMKaM IIBEeT, KOTOPBI ObLT mmosiydeH pamee. B ToMm ciydae, eciii B HEKOTOPYIO
BEPIIUHY OCTYIIAJIO HECKOJIHLKO OTINIAIONINXCS [IBETOB, TO TOT/Ia IIPUMEM 3THU I[BeTa OJTMHAKOBbBI-
Mu. B KoHEYHOM cUeTe pacCMOTPUM KOJHYIECTBO PA3JIMIHBIX IIBETOB, KOTOPBIE OCTAJIUCH ITOCTIE
pacIpocTpaHeHusT BETOB JIO JINCTHEB POJUTEHCKOrO rpada. DTo KOJUIECTBO U OYIEeT COOT-
BETCTBOBATH KOJIMYECTBY KOMIIOHEHT CBSBHOCTU g  u. IlpuMep pacmnpocTpaHeHUst 1IBETOB
[IOKA3aH Ha PUC.

[Tokazkem, 9TO aJaropuT™M KOppekTeH. [IpemosoKum, 910 HAIIJIUCH JIBe BEPIITUHBI ¢ HATPY3-
kamu B Buje D3, KOTOphIE TOJYUIUIN OJUHAKOBBIN mpeT. Torma, mexojst u3 3aMeanH51 9TH
BEPIIUHLI OyIyT JIeXKaTh B OJHONI KOMIIOHEHTE CBIZHOCTU (pngs | u. asee momycTum, 910 HEKO-
TOPBIE JIBE BEPIIUHBI POIUTEILCKOIO I'pada ¢ HarpyskaMu kpi 1 kpsg MOy YA pa3IndHbIe I[BETA,
HO TeM He MeHee JIeXKaT B eMHOI KOMIIOHEHTE CBI3HOCTH. B 9TOM ciIydae, B COOTBETCTBUU C TEO-
peMoit |2| mosKHa CylmecTBOBaTh IOCJIEN0BATEILHOCTh U3 BEPIIUH V1, ..., Up, TIOE KarkKias mapa
COCEJIHUX BEPINNH MMEET I10 MOCTPOEHUIO OJMHAKOBBIM mBer. Ho Torma vy = kpy u v, = kp,
OyIyT OKpAaIlleHbl B OJUH I[BET — IIPOTUBOPEYNE.

[Ipu peanusanum pacCMOTPEHHOT'O AJTOPUTMAa BO3SHMKAET BOIPOC O TOM, KaK 3(MEHEKTUBHO
XpaHUTh U 00bLeIUHATDL IBeTa. B pabore mpesjaraercs pacupOCTPaHSITh BMECTO I[BETOB UHCIA
Buga 28,1 =0,...,n—1, [jie n — 9HCII0 JOYepHIX Y3JI0B Ha4YaJIbHOU BEPIINHBI, pacCMaTpUBaeMOit
TS pacrpocTpanenus. B TakoM ciydae o0beuHenne 1nBeTa — IpUMEeHEeHne TTOONTOBOIO <IN ».

Jlajee HEOOXOMMMO TOHATHL TO, KaK OYIyT PacCIpOCTPaHATLCS IBeTa. lIpemmosioskum, <TO
MBI OyJleM PaCIpOCTPAHSITh OT KaKJIOf BEPIIUHBI BCE I[BETA, KOTOPBIE MOTJIA JIONTH JI0 3TOI
BepIIuHbL. B mpoTuBHOM cityvae ObLI0 ObI HEOOXOUMO JIJIsi KaXKI0W BEPIUHBI XPAHUTD OTIAEIHHO
MHOXKECTBA [[BETOB U KAKUM-TO 00Pa30M 00beIMHATH CXOXKHUE I[BETA, TIepeOupaTh 9TH MHOYKECTBA
Ha KaxKJOM Illare pacopocTpaHeHus. Takoil aJropuT™M HHTYUTUBHO 6ojiee pecypco3aTpaTeH U ero
M3ydYeHHre He BOIJIO B PAMKH JAHHON CTATHH.

Wrak, ecan UCIOIB30BATD ISl pACIPOCTPaHEHHUsI I[BETa, HallpuMep, 00X0 B ITUPUHY, TO MO-
JKeT MPOU30MTH CUTyalusi, IpA KOTOPOH Iepejada I[BETOB MPOU30IIeT 10 TOrO, KaK BEPIINHA
MTOJTyIUT WHMOPMAIIIO O BCEX MPUXOISIINX [IBeTax, KaK B IpUMepe Ha pI/IC. B nmammoit pabore

MIpeIIaraeTcs MPH ITOCTPOEHNUN POIUTENBCKOrO rpada XpaHUTh B BEPIIMHAX IUCJIO POJUTEEH U
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Puc. 1. Pactpocrpanenne 11BeTOB IIpu CyKEHUU Ha BepIIuHY c. Bcero Tpu mnpera, BEpIIUHDBI
ITOMEYAalOTCA PAa3IUIHBIME IIBeTaMU, pedpa — TOJIMUHON pedpa U MyHKTUPOM C OTIHIAIOITIMCSI

NHTEPBaJIOM MEXKIY IMTPpUXaMunu

IIPOBOJAUTH PACIPOCTPAHEHHUE IIBETAa TOJBKO IIOCJIE TOI'0, KaK BEPIIMHY IIPOCMOTPEJN BCE POJIU-
TeJIbCKUe y3Jjibl. AJIropuTM pacipocrpaHenus 1BeTo SpreadColors npejcTaBjieH B .HI/ICTI/IHI‘e
ITosicnennsa x SpreadColors:

e WeightsToColors — cJIOBapb, COMOCTABJISIONINIL 1[BET cenapaTopy. OTHOCUTENIFHO KayK 10~
ro cernaparopa-Ipejika BepiinHa OyJleT MMeTb CBOH IIBET, KOTOPbIN OY/IET IepelaBaThCs
JOYepHUM BepImnHaM. Bro MOYKHO yIAJIATh y BEPIIUHBI, €CJIN ITOJTHOCTHIO ITPOU3OIIIO Pac-
IIPOCTPaAHEHNUE IIBETOB K JIOYEPHUM Y3J1aM;

e NumberOfParents 3ajaeTcst Ipu MOCTPOEHNH POTUTEILCKOrO I'pada, ParentCount Tak Xxe
MO2KHO MHUITUAJIN3UPOBATH HYJEM IIPHU IIOCTPOeHNH rpada;

e & ‘ — HoOUTOBLIE OIlepal «U» U «UJIN» COOTBETCTBEHHO.

YrBepxkaenue 3. B pesyiabrare padorsr nporeypbl SpreadColors kaxapiit @3 mnosrydant

KOPPEKTHOE paclipe/ieIeHe IIBETOB.
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Puc. 2. BosuuknoBeHue ommbKu paciupocTpaHenus 1sera (4-s1 BepuinHa) nupu obxoje B

*> m «**». Bepmmna Ne4 noszkua

mupuny. Beero nBa 1iBeTa, OHU OMEYEHBI KaK «
PaCIIPOCTPAHUTD 00a IBEeTa, HO IIPOJBUTAETCA TOMLKO «*». HoMepa BepIIMH COOTBETCTBYIOT

MOPSIJIKY 00X0/1a

ﬂo%asameﬂbcmso. ,HGI'?'ICTBI/ITEJH)HO, peam3yeTcd HeIIOCPEeJICTBEHHO BBINIEOITMCAHHBIN aJIFOPUTM,
IIp1 9TOM IBET PACIIPOCTPaHAE€TCA OT BEPIIMHbLI TOJIBKO TOI'Z[a, KOT'Ja IIOJIYyY€HBI IIBETa OT BCEX

POJUTENILCKAX BEPIINH. OJ

VYrBepxkaenue 4. CioxHOCTH paboThl Hporeaypbl SpreadColors jexur B kiaacce O(ess),

r7e e — KOJUIeCTBO pebep B POAUTEIHCKOM rpade, a § — KOJMIeCTBO HEIyCThIX CEenapaToOpOB.

oxazameavcmeo. B cTpoke 4 mpoBepsIOTCs BCe JIOYEPHUE y3JIbl TEKYIell BEePIIUHBI, IIPU 9TOM
KaxKJiasi BEPIINHA PACCMATPUBAETCSI KAK POJIUTEIhCKAsT TOJIBKO OfnH pa3. COOTBETCTBEHHO, Ta-
KUX IIPOBEPOK OyIeT eg mTyK. [Ipu 310M B 5 cTpOKe pu KaxK10il IIpoBEpKe epeduparTcst BCE BCe
cenapaTopbl u3 WeightsToColors, KOTOPBIX MOXKET OBITH He Oosiee s. Bee ocrajbHbIe TIaru aJi-

ropuTMa UMEIT CJI0XKHOCTH Kiacca O(1), u3 yero cielyer MCKOMas CJI0XKHOCTh ajaropurma. [

Koneunbim aTamom OyaeT mociieiHee 00beIuHEHNE [IBETOB, AOMeMnX J0 JucTheB-P3. Ero
ujiest 3aK/II0YAETC B TOM, UTO CHaYaJa (POPMUPYETCH CIUCOK HAOOPOB I[BETOB, IOIICIIINX JI0
D3 1 COOTBETCTBYIONIUX KaXKJIOMY CEIAapaTopy. 3aTeM KaxKJIblii IIPEeJCTAB/ISIEMbIil B BUJIE TUCTIA
Ha0OP IIBETOB, IPOJIBUTASICH 10 CIIUCKY, CPABHUBAETCSI C OCTAJLHBIMI HAOOpaMu U O0beINHSIETCS
B TOM CJIydae, €CJU €CThb XOTs Obl OIHO IepecedeHune, MPU ITOM HUCIOJb30BaHHLIE HAOOPHI IBE-
TOB MapkKupylorcd. Jlajee mociennnii oobeauHsieMblii Habop oMedaeTcss 0coObIM 00pa30M U Ha,
€r0 MECTO B CIIMCKE 3allMChIBAETCSI COBOKYITHOCTD IIBETOB, MOJIYUEHHBIX ITPU TEKYIIEH UTepaIun
oObeuHeHni. 3alChbIBaEMbIE TI0C/IE PACIIPOCTPAHEHUS IIBETA, MOCACOHUE UBEMA, MOTYT Iajee
yYaCTBOBATb B OObEIWMHEHUN, B OTJIMYHE OT IIPOMAPKUPOBAHHBIX IIPOCTHIM oOpas3om. B wmrore,

IIocJie pa60T1>1 TaKOI'o aJiIrOpuTMa KOJIMYIECTBO IIOCJ/IEJHUX IIBETOB U 6y,IL6T COOTBETCTBOBAaTH KO-
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Jluctunr 3 Anropurm pacrnpocrpaHenust MBeToB 10 JucTheB-O3 SpreadColors

1: procedure SPREADCOLORS(w € Weights)

2: if w € KnowledgePatterns then

3: return > Bepmmna ¢ Harpyskoii B Buge O3 — jiuct, mosromy
IIOTOMKOB V Hee HET, PACIPOCTPAHATD [IBETa J1AJIb-
IIIe He HY’KHO. DTa CTPOKA IS sICHOCTH AJTOPUT-
Ma, 0e3 Hee CJEAYIONIUA WK BCE paBHO ObI HE

3aIyCTHUIICA

4: for all v; € w.Children do > Ilepebupaem jgouepHue BEPIUHBI 111 PACIPOCTPA-
HEHUS I[BETOB
5: for all s € w.WeightsToColors do > PaccmarpuBaem Bce cemapaTopbl, OTHOCHTEIHHO

KOTOPBIX HArpy3Ka W IOJIYYHUJIa I[BETa

6: if s € v;.WeightsToColors then > Eciu v; panee mosydasia nBeT OTHOCHTEIBHO Cela-
paropa s
> To jobaBisieM 1IBET OT W
v;.WeightsToColors[s] < v;.WeightsToColors[s] | w.WeightsToColors|s]

else
10: > B mporuBHOM ciIydae KiaJgeM K V; HOBBIH IIBET
11: v;.WeightsToColors[s] <— w.WeightsToColors|s]
12: v;.WeightsToColors[w] + 20 > B kaxxaymoo v; KaajeM CBO# IBET OTHOCUTEIBHO W
13: v;.ParentCount < v;.ParentCount + 1 > VYumTbiBaeMm, 9TO I OJHOTO U3 POIUTENEH V; IPO-
M30IILIa [Tepejada IBeTa
14: if v;.NumberOfParents = v;.ParentCount then
15: SPREADCOLORS(v;) > IIpososkaem pacnpoCTpaHATh I[BETA OT JOUYEPHUX

BEPIMUH TOJIBKO B TOM CJIyYae, KOTIa ObLII II0JIy-

YeHbI IIBeTa OT BCEX pojuTesiei

JITYECTBY KOMIIOHEHT CBSI3HOCTH. DTOT asiroputM (GetComponentQuantity) onucas B .HI/ICTI/IHI‘e
puUMep ero paboThl N300pPaXKeH Ha, PUC.

ITosicnennsa x GetComponentQuantity:

e GetList0fColors — QyHKIWMS, IOJYyJIaIOmas CIIICOK UTOTOBBIX HADOPOB IIBETOB, IOIIEI-
mux ;10 O3;

e SimplyMark(i) m MarkAsLast(i) — B3amMO3aMEHSIONTHE TPOIEAYPDI, TTOMEUAIOIIIE JJTe-
MeHT C WHIEKCOM i camoro cmmcka, IsSimplyMarked m IsMarkedAsLast — mporeaypsl,
[IPOBEPLIOIINE TO, KaK IOMEYEeHbI 3JieMeHThl. MoryT ObITh peam30BaHbl uepe3 CO3/aHue
MaCCHBA, 110 KOJIMIECTBY 3JIEMEHTOB paBHOMY KojimdecTBy D3, KOTOphIE pacCMATPUBAOTCS
JUIsl TEKYIIETo celaparopa, U XpaHdllero COOTBETCTBYIONNE MAPKUPOBKU.

e QuantityOfMarkedAsLast — (yHKIMs, BO3BPAIIAIONAs KOJUIECCTBO TOMEIEHHBIX KaK T10-

cJeJHue 3J1eMeHTOB. Mozker PeaIn30BbIBATHCA, HAIIPUMED, Y€pPe3 Hepe6op MaccCuBa.

YrBepkaenue 5. B pesysibrare paborsr dyukiyun GetComponentQuantity Bo3sparuTcs obiree

KOJIMYEeCTBO KOMIIOHEHT CBA3HOCTU.

Zoxazameavcmeo. Haanem ¢ Toro, uto nponeaypa SpreadColors KOPPeKTHO PaCIpeNeuT IIBe-
Ta 1o JucThsM-D3. [lasee 3amernM, 9T0 KaxK bl N3 HAYATBHBIX HAOOPOB I[BETOB CIHCKa (T/Ie Ha-

60p IBETOB — CyMMa COOTBETCTBYIOMuUX dncen 2, pormemamux 10 P3) Oyaer moaHOCTHIO JIeXKaTh
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Puc. 3. Yacrs pabors! asropurma GetComponentQuantity ¢ BbIMHCIEHUEM TOCIETHUX
00beIMHEeHNH IBETOB I OJHOTO M3 CEIapaTOPOB, I/I€ B UTOTe IOIYyIaeTCs 2 KOMIIOHEHThI
cBsa3HocTH. [[BeTa n3 asropurMa 0603HaYEHB! DUTYPAMEI PA3JIUIHON (DOPMBI U IIBETA.
TeMHO-cepbIil IIBET ¢ IOMETKOI «S» — «IIpocTasi» MapKUPOBKA, CBETJIO-CEPLIA IBET ¢ IOMETKOII

«Ly — «II0CJIeJHHUE» IJICMEHTDI

B HEKOTOPOM 3JIEMEHTE, MOMEYEHHOM KaK MOCJEIHUN. DTO OCHOBBIBAETCS HA TOM, UTO KaXKJias
BepIlnHa, cOOTBeTcTByOmAas IsSimplyMarked, morjia ObITH IIOMEYEHA TOJIBKO IPU O0beIMHE-
HUAU C KAKUM-JITOO PACIIPOCTPAHAIONINMCS HAOOPOM I[BETOB, MOJIOXKEHHBIM B UTOI'€ B HEKOTOPYIO
TIOCJIETHIOIO BEPIINHY.

Hazosem mmyrem HAOOPOB I[BETOB TAKYIO I1OCJIEI0BATENBHOCTD H3HAYAJIBHBIX HAOOPOB I[BETOB,
9TO KayK7asl Mapa COCETHNX IJTEMEHTOB NMEET OIMHAKOBBIN IIBET. 3aMETUM TaKzKe, ITO €CJIN JIBa
NEePBOHAYAJBHBIX IIBETA JICZKAT B IIOCHEIHEM 3JIEMEHTEe, TO, IO IIOCTPOCHUIO, CYIIECTBYET IIyTh
Ha0OPOB IIBETOB, KOTODBIHi COeJMHsIET 3TU JBa I[BeTa (TO eCTh NEepPBBIH I[BET JIEXKUT B II€PBOM
Habope, a MOCJIeHIN — B IOCIIEHEM).

C spyroit CTOPOHBI, MPEJIIOJIOXKIM, UTO CYIIECTBYeT IyTh, COEIUHSIIONMI HEKOTOpPHIE IBa
npera. Kaxmgas napa coceHux HAODOPOB B 9TOM IIyTH JIOJI?KHA, JIE2KATh B OJHOM U TOJIBKO OTHOM
IIOCJIEJTHEM JIEMEHTE, BEJIb [IPU PACIIPOCTPAHEHUH ODIIEro i HUX I[BeTa 00be InHSIoNuit Habop
1BeToB (color; B ajropuTM™Me) COeUHNUT STH HAOOPH! (J[azKe eCJI OJUH yKe ObLI B HEKOTOPOI I0-
CJIeJIHEM DJIeMeHTe) U J0OABUT UX B HOBBI mocaeauuii sjement. O6beuHeHne mpousoiiier, Tak
KaK TOJIbKO OJINH U3 HUX HE MOYKET ObITH MPOMAPKUPOBaH MPOCTHIM criocobom. [Ipu srom, kKaxk-
JIBIT HAOOP IBETOB MONAJIET TOJBKO B OJWH MOCJIEIHAN JIEMEHT, TaK KaK OH I10CJe 00beIMHEHUS
MapKHUpyeTcs u He yduTbiBaeTcs Oosee. VTak, Kaxkjas mapa HaDOPOB IIBETOB OyJeT JieXKaTb B

OJJTHOM IIOCJIEJJHEM 3JJIEeMEHTE, II0O3TOMY U BECh IIYThb 6y,IL€T JIe2KaThb B HEM.
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JIncTuur 4 AJIFOpI/ITM BBIYIUCJICHUA KOJINYIECTBA KOMIIOHEHT CBA3HOCTHU JIJIdl BCEX CUJIbHBIX CY2Ke-

Huil Ha cenapaTopbl GetComponentQuantity

1: function GETCOMPONENTQUANTITY (pg € ParentGraphs)

2: SPREADCOLORS(pg.MainNode) > PacmnpocrpansieM 1isera mepej TeM, KakK MOCIUTATh
pa3/ImaHbIE I[BETA B JUCThsIx-D3

3: totalComponentQuantity < 0 > Byner xpanuth o0Iee 4uCI0 KOMIIOHEHT CBSI3HO-
cTH

4: for all s € Separators do > Ilepebupaem Bce cemapaTopbl JJjisi OIIPeeJIeHUsI

KOJIMYECTBA, PA3JINYHBIX I[BETOB

5: colors < GETLISTOFCOLORS(s, pg.KnowledgePatterns) > Iloaydaem 1pera, jomiesmime
1o Jmcrhes-P3

6: for all color; € colors do > Bynem paccmarpuBarh mpeta, M BIIEPE]] 10 Mac-

CHUBY IIBETOB 1 O6'be,ZLI/IHHH OOMHAKOBBIE

7: if not ISSIMPLYMARKED(i) and > PaccmarpuBaem TOJIBKO HEIIPOMAPKUPO-
not ISMARKEDASLAST(i) then BaHHBIE JIEMEHTHI, TAK KaK JIJIsI MapKH-
POBAHHBIX 3JIEMEHTOB PACIPOCTPAHEHUE

IBeTa BIEpe]] 110 MAaCCHUBY IIBETOB Y2Ke

[IPOUBOIILIO

8: SIMPLY MARK (1) > ITomeuaem Kak paccMOTpeHHBIH (npocmoim o6pa-
30M)

9: lastHandled <« i > XPpaHUT UHIEKC IMOCIEIHEr0 JIEMEHTa, C KOTOPBIM

IIPOM30IIIO 0ObeTUHEHIE
10: for all color; € colors[j > i] do
11: if color; & color; # 0 and > Ecam 1Bera OIMHAKOBBIE U €CJIH DJIe-
not ISSIMPLYMARKED(j) then  MeHT He IPOMApPKHUPOBAH NPOCTMbIM OO
pasoMm (ecsiu 3JIEMEHT IIPOMAPKUPOBAH
IPOCTBIM 0Opa30M, TO HET CMBICJIA ero
paccMaTpuBaThb, TaK KaK IBET, KOTO-
PBIii OH COmEpKUT, OYAET COMEPKATHCA
B HEKOTOPOM NOCACOHEM SJIIEMEHTE, HUITy-

IEM J1aJiee), TO

12: color; < color; | color; > O6benunsgem mnpera. MeHsercss TOJIBLKO IEpeMEH-
Has color;, HO He 3JIEMEHT MaCCHUBa
13: SIMPLYMARK(j)
14: lastHandled < j
15: MARKASLAsT(lastHandled) > OtmenpHO TOMedaeM nocaednud dmeMent. Ux xo-
JITIECTBO OYJIET COOTBETCTBOBATEH KOJIMIECTBY KOM-
[TOHEHT CBS3HOCTH
16: colors[lastHandled] + color; > 3ammuchiBaeM OO0beIUHEHHDIN IIBET, Jajlee OH TaKKe
MOYKET CPABHUBATHCS U OObEINHATHCS
17: totalComponentQuantity < totalComponentQuantity + > VYBeauuusaem cuerduk o0IIIE-
QUANTITYOFMARKEDASLAST(colors) IO YUCJIA KOMIIOHEHT CBSI3HO-
CTH, PACCUUTAB KOJMIECTBO
KOMITOHEHT JIJIsi PacCMOTPEH-
HBIX Ha JIAHHOM IIare IBEeTOB
18: return totalComponentQuantity
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CyMMI/Ip}/H, IIOJIy49a€eM, 9TO €CJIA JIBa IIBETa JTOJI2KHbI OBbITH CBsA3aHbI, TO OHU HE 6y,ILyT JIe2KaTh
B Pa3HBIX IIOCJIEAHUX JJIEMEHTaX, a 6y,£[yT JIe2KaTb B OAHOM, U IIPpH 3TOM KazKJ/IbI€ IBa IBETa B

[IOCJIE/THEM 3JIeMeHTe OyJIyT CBSI3aHDI, U3 Y€ro CJE/yeT JOKA3aTEIbCTBO yTBEPIK/IEHUS. O

YrBepxkaenue 6. CioxkHOCTb paborhl yHKIUU GetComponentQuantity JeKUT B KJacce

O(sw? + eys), Tie w — obmee KosmdecTso O3,

Hoxaszameavemeso. CHadasla 3aMeTUM, UTO CJIOXKHOCTH paboThl SpreadColors JIEXKUT B KJIac-
ce O(egs), MO yTBEPXKJICHUIO Hasee, B crpoke 4 1epeOMPAIOTCs BCE CElapaTopbl, KOJIude-
CTBO KOTOpBIX — . st Kaxkyoro cenaparopa B cTpoke 6 paccmarpusaiorcs Bce O3, 110 Ko-
TOPBIX JIOMIEJ I[BET ITOTO Cermaparopa. 3aTeM Jijis 3TOr0 IBETa BHOBb MPOCMATPHUBAIOTCS HAa-
OGOpbI BETOB, KOTOPBIX He Oojiee yem w. CioxkHocTh paborThl dyuknmit GetList0fColors u
QuantityOfMarkedAsLast jexxuT, Kak MakcuMyM, B Kiacce O(w). Bee ocranbhble marn nmeior

cioxkaoctb O(1). B urore, cymmupyst, moIy9aeM HCKOMYIO CJIOXKHOCTb. O

Crour OTMETUTb, 9TO IIpU HeOOJIBIITNX MO,H,I/ICbI/IKaU,I/IHX 1 JOIIOJIHEHUAX K JaHHOMY aJir'o-
pPUTMY MO2KHO IIOJIyYUTDH I/IH(l)OpMaHI/IIO O Cy2XKeHUAX N CUJIbHBIX CY2KEHUAX Ha BCE 3HAYMUMbIC

HAIPY3KHU, KOTOPAasi IIPEJICTaB/IEHA B COOTBETCTBYOMINX Habopax 1BeToB, npuHaiexanux O3.

5. Pe3yabTaThl 1 00Cy2XKJIeHUe

B nanmoit pabore ObLIN MpeICTABIEHBI AJTOPUTMBI, TO3BOJISIONINE TPUMEHATD TOJIHLKO TPe-
tranayio cTpyKTypy ABC B rmobambHOM amoctepropHOM BbIBOsE. Tak HEMOCPEJICTBEHHO ObLT
paciivpeH 10 BO3MOXKHOCTU HPUMEHEHUsI B CJIydae MHTEPBAJIbHBIX OIIEHOK CYIIECTBYIONIUN 10
Hanucanus padboThl AJITOPUTM , CITOCOOHBII paHee MPOU3BOIUTD TJIODABHBIN all0CTEPUOPHBIi
BBIBOJ] TOJTBKO B CJIy4ae CKAJSIPHBIX OIEHOK. DTO OBLJIO JIOCTUTHYTO 3a CUET MO/JIEPYKAHUST HHTED-
HaJIbHOI HEIIPOTUBOPEUYUBOCTH. TaKKe aJroOpuT™M OMUCAH DoJiee TIOJIPOOHO, TO €CTh IIPEJICTaBICH B
BHJE TiceBI0Koma. Takum obpazom, co3mana mnporeaypa PosterioriInfer, npu npuMeHeHUN KO-
TOpO#t OyIeT IPOITArupoOBaTHCsT COOTBETCTBYIOMIEE CBUIeTeIbCTBO. [Iporeaypa PosterioriInfer
UCIOJIB3YET BCIoMoraTeabHyo MyHKInio GenerateEvidenceIfPossible, hopMmupyroiiee cBuie-
TEJIbCTBO, a TakxkKe npolleaypy InferInSubgraph, pacnpocTpaHAIONIYIO CBUJIETE/JIHBCTBO B IOJ-
rpad popurenbckoro rpada. Jlokazana KOPPEKTHOCTH PabOTHI PACIIUPEHHOIO AJTOPUTMA, a
IMEHHO IIOKa3aHO, 4TO Ipoueaypa Posteriorilnfer B ciayyae CKaJIdpHBIX OICHOK Ha3Ha4da-
eT OIEHKU BEPOATHOCTEH, COBITaJAoIMe ¢ pe3yabraroM mnpomnaramun mo MI'C, a B ciaydyae mH-
TePBAJILHBIX OIEHOK CTPOUT HAKPBIBAIOIINE OIEHKHU, KOTOPbIE ObI COOTBETCTBOBAJIN PE3YJILTATY
mpomnaranun B MI'C, ecnim 661 pacmpocTpaneHne BUPTYATbLHOTO CBUACTENLCTBA JTABAJIO TOTHBIE
orenku. Jlokazana cjJI02KHOCTDL pabOTHI mporieaypbl Posteriorilnfer, Koropas B caydae IpuMe-
HEHUsI CKaJISIPHBIX OlleHOK JiexkuT B Kiacce O(w(w - O(Propagate) + sqes + ¢)), rie w — obiiee
kosmuectBo D3, O(Propagate) — CJI0KHOCTH (DYHKIIUH, JIOKAJIBHO PACIPOCTPAHSIONIEN CBUJIE-
TEJIBCTBO, Sqy] — KOJUYIECTBO BEPIINUH B POIUTEIBCKOM I'pade, €5 — KOJIUIeCTBO pebep B rpade
CMEYKHOCTH, ¢ — MAKCUMAJIbHOE 4YnC/I0 KOHBIOHKTOB B P3. B ciiyuae MHTEpBAJIBHBIX OIEHOK
00ABJISIETCS CJ0YKHOCTD OJJIEPYKAHNS MHTEPHAJILHON HEIPOTHBOPEINBOCTH.

JlomyIeHreM 3TOTO AJrOPUTMa, SIBJISIETCST TO, UTO €r0 KOPPEKTHasi paboTa OIpeesseTcs
JIJISE AIUKJIMIHBIX [IEPBUYHBIX CTPYKTYpP. [losToMy OBLI TakxKe MpEeJ/ICTABIEH aJrOPUTM, ITO3BO-
JISIONUN TPOBEPSTH, MPEJICTABUMA JIM BTOPUYHAS CTPYKTypa B BHUJE JIEPEBa CMEXKHOCTU. AJi-
TOPUTM IPOBEPKHU AIUKJIMIHOCTU HUCIOJIB3YET TOJBKO TPETUYHYIO CTPYKTypy. OH OCHOBaH Ha
paHee JIOKa3aHHOM TeopeMe KPUATEPUN IAKJIUIHOCTH, KOTOPBIA CBA3BIBACT KOJIMIECTBO MOJIE-

Jen (bpaFMeHTOB 3HAHUI B CETU C KOJUYIECTBOM HEIIYCTBhIX CelapaTOpOB U KOJIMIECTBOM KOMIIO-
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HEHT CBSI3HOCTU CHJIBHBIX cyzkenuii B nuknaaoit ABC. Jlist mpoBepku kpurepusi (paBeHCTBa)
HEODOXO/IUMO PACCUYNUTATD UCIOJIb3yeMble B HeM cjiaraembie. OCHOBHYIO CJIOYKHOCTH IIPEJICTABIIS-
€T pacyer YHcJia KOMIOHEHT CBSI3HOCTH CUJILHBIX CYKEHUH, JIJIsi 9TOT0 ObLIa onucaHa (OyHKITHS
GetComponentQuantity. Pabora 3roit pyHKINN onmpaeTcs Ha JOKA3aHHYIO B CTATHE TeopeMyo
[MPUHAJJIEZKHOCTU JIBYX MoJiesieil pparMeHToB 3HaHUI K OJJHON KOMIIOHEHTE CBSA3HOCTU CUJIBHOTO
cykenusi. Birarosiaps 9Toli TeopeMe B pOIUTEIHCKOM I'pade MOXKHO ITPOU3BOIUTD OIIPEJIEJIEHHOE B
cTaThe pacIpoCTpaHeHue I[BETOB OT BepIIuH rpada K JIMCTbAM. PacipocTpanenne 1BeTOB BbIHE-
CEHO B OTZEJIbHYIO IIpolneaypy SpreadColors, KoTopasa ucnosnbsyerca B GetComponentQuantity.
[Tocste pacrpocrpanenns HeOOXOAUMO MOJACIUTATH KOJUIECTBO PA3JINIHBIX I[BETOB, IIe KAXK I
IIBET IIOCJI€ PACIPOCTPAHEHUs OYIET COOTBETCTBOBATH OJHOI KOMIIOHEHTE CBA3HOCTH, IIPU ITOM
[IBETa MOTYT CTaTh OIMHAKOBBIMU B IIpollecce pacupocrpaHeHus. [lomcaer oquHAKOBBIX I[BETOB
3aHMMAEeT OCTABIINYIOCs JacTb QyHKIMU GetComponentQuantity. Takum obpazoMm paccunThiBa-
€TCsl YUCJIO KOMITOHEHT CBSI3HOCTHU BCEX CHJIBHBIX CYXKEHUH, a BMECTe C TeM U yCJIOBUE KPUTe-
pusi. Jlokazana KOPPEKTHOCTb PabOTHI ITOrO aJrOpUTMa, a TAKXKe HailJleHa OIEHKA CJI0YKHOCTH
GetComponentQuantity, Kotopas jexut B Kiaacce O(sw? + egs), e s — KOIMYECTBO HEMyCTHIX
cenapaTopoB, w — obiiee KoimmdecTBo P3; a e; — KoJmMIecTBO pebep B POAUTEILCKOM Ipade.
CrouT OTMETUTD, YTO B PE3YJIbTATE PADOTHI AJITOPUTMA HAXOAUTCA MHMOPMAIIUS O BCEX CYKEHU-
SIX U CHJIbHBIX CYKEHHUSX MaKCUMAaJbHOIO rpada CMeKHOCTH Ha 3HAYUMbIE HAIPY3KH, YTO MOXKET
HCIIOJIB30BATLCH B JIDYTUX aJIFOPUTMAX, B YACTHOCTH, B OIIMCAHHOM B TEKYIIEH CTAThe ajrOPUTME
aIl0CTEPUOPHOTO BBIBOJIA.

AJIrOpuUTMBI, IMpe/CTaBIeHHbIE B paboTe, OBLIM aBTOMATH3UPOBAHBI W JI0DABJIEHBI B BEO-
HPUJIOZKEHUE . JlamHOe TIPUJIOYKEHNE COMEPIKUAT PEAJTUIAINIO HE TOJBKO OIMMCAHHBIX B CTATHE
aJITOPUTMOB, HO U JIDYTUX CBA3aHHBLIX C ajrebpanmtdeckumu OafiecoBckumu cetsimu. 1o pesynbra-
TaM IIPOBEJIEHHBIX UCCJIeI0BaHMil OblIa T00aBjIeHa peasIn3alus OIMCAHHOIO B CTAThEe AJITOPUTMA
rJI00aJIBHOTO allOCTEPUOPHOTO BBIBOJA, UCIIOJIb3YIOMIEr0 TPETUIHYIO CTPYKTYPY , a Tak¥Ke
aJITOPUTMAa, TI0 TIPOBEPKE AIMKJINIHOCTH .

B nanbreiiiem mpemnosiaraeTcst aHaau3 BpeMeHn paboThl JaHHBIX aJITOPUTMOB U CPABHEHUE
€ro co BpeMeHeM pabOThI APYTUX AJTOPUTMOB, PEMIAIOIINX Te K€ 3aJa9n. 1akK, aJropuT™ IIpo-
BEPKU AIMKJIUIHOCTH [IAHUPYETCS CPABHUTH C AJITOPUTMOM, MCIOJIB3YIONIUM eIle OJIHY, HOBYIO
CTPYKTYDPY (YeTBEpTUIHYIO) . AmocTepnopHBIi ¥Ke BBIBOJT MOXKET TTPOBOIUTLCS C MTPUMEHE-
HUEM BTOPUYHON CTPYKTYPBI — MEXaHU3M PACIPOCTPAHEHUS BUPTYAJIBHBIX CBUIETEIHCTB .
OCHOBHYIO CJIOKHOCTB 3JIECH IIPEJICTABJISIET CAMO [TIOCTPOEHNE BTOPUIHON CTPYKTYPbI . Oren-
KU CJIOXKHOCTH 9THUX AJITOPUTMOB UCIOJIB3YIOT TOHSTHUS, BHIXOSAIINE 38 PAMKH JIAHHON CTATHU, HO
[IPEJIIIOJIAraeTCs, YTO OIEHKH AJITOPUTMOB MIPOBEPKHU AIUKJIMIHOCTU COIIOCTABUMBI 110 BPEMEHH,
a aJITOPUTM aIllOCTEPUOPHOIO BBIBOJA, UCIIOJIL3YIOMINI MEXaHN3M BHPTYAJIBHOTO PACIPOCTPAHEe-
HUST CBUJIETEIBCTB, Oy/IeT yCTYIIATh aJITOPUTMY, [IPEJACTABIEHHOMY B CTATHE, 38 CUET yBE/IMICHUS
BPEMEHHU TIOCTPOEHUSI BTOPUIHBIX CTPYKTYP. CpaBHEHHE MpeIIoiaraeTcst IPOU3BOIUTh HAJT Pas3-
smaabivu arukandeckumu ABC. B wacrHOCTH, cTOUT paccMOTpeTh BpeMsi paboThl ajJrOpUTMOB
npu pasinaHoM kKosmmdectBe O3, Tak Kak, HAIPUMED, MMOCTPOEHNE BTOPUIHBIX CTPYKTYP Oyjer
TpeboBaTh Bce DOJIbIIE BpEMEHU TP yBendeHnn kKojimaectea P3.

Cremyer 10baBUTb, 9TO ABTOMATH3AIHS [TOIOOHBIX aJITOPUTMOB MOXKET OBITH UCIIOJIb30BAHA B
[IPAKTUIECKOM ITPUMEHEHUH aredpanieckux 6ailecoBCKUX ceTell, HallpuMep, i UCCIeI0BaHUS

COIMMOMH2KEHEPHBIX aTaK @
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SaKJ/IroueHue

JlamHasg cTaTbs HalpaB/eHA HA PeEINIeHNe 33Ja9l 0 PACIINPEHWIO U aHAJIu3y aJTOpUTMa
[JI06AJTLHOTO anocTepruopHoro BoiBosa B ABC, KOTOPBIN TPUMEHSIET TOTHKO TPETHIHYIO CTPYKTY-
Py E Paciupenue 3akiodaeTcs B JOMOJTHEHIH aJITOPUTMA, JI0 BO3MOXKHOCTHU €r0 ITPUMEHEHUS
B CJIy4Yae MHTEPBAJBHBIX OINCHOK, PAHEEe HCIOJIb30BABIIEIOCS TOJIBKO CO CKAJIAPHBIMHU OICHKA-
M. OHO JIOCTUTHYTO 3a CUYeT IOJIepXKaHUsl WHTEPHAJBHON HEIpPOTHBOPEUYNBOCTH. AJITOPUTM,
paccMaTpuBaeMblil B TakzKe OIucan 6oJjee moaPOOHO, TO €CTh MPEICTABICH B BUJIE IICEBIOKO-
na (npomnemypa Posteriorilnfer). /Jokazana KOpPEKTHOCTh pabOThI PACIIMPEHHOIO aJIFOPUTMA,
a UMEHHO II0Ka3aHO, 4To Ipoueaypa Posteriorilnfer B ciy4dae CKaJApHBIX OICHOK Ha3Hava-
eT OIEHKU BEPOSITHOCTEH, coBmajaroiue ¢ pesysubpraroM mponaramuu mo MI'C, a B ciydae un-
TEPBaJILHBIX OIEHOK CTPOUT HAKPBIBAIOIIUE OIEHKHU, KOTOPbIE ObI COOTBETCTBOBAJIU PE3YIbTATY
nponaranuu B MI'C, eciiu ObI pacrnpocTpaHeHWe BUPTYAJIBHOIO CBUJIETE/IBCTBA JIABAJIO TOUHBIE
onenku. [ToMuMo 3TOrO JOKA3aHA CIOKHOCTH pabOTHI Ipoleyphbl Posteriorilnfer.

[Tpu sToMm BaxkubIM cBOitcTBOM ABC B TaKOM Cilydae siBJISIETCS AIMKINIHOCTD, TaK KAK TOJb-
KO Jiutst arukandabix ABC mokazana KOppEeKTHOCTD BBIMIEYTIOMSIHYTOTO aJrOPUTMa all0CTEPUOP-
HOTO BBIBOJIA. TaKmM 06pa3oM, TaksKe M3yUIalicst BOPOoc o poBepke arukananoct ABC ¢ mpume-
HEHUEM TOJIBKO TPETUYIHON CTPYKTYPBbI, I10/I00HBIE AJITOPUTMBI PAHee He ONUCHIBAINCE. [Iperbss-
JICHHBII aJITOPATM ONMPAaeTCcd Ha PaHee JOKA3aHHBII KpATEPU allnKJINIHOCTH, IIPE/ICTaBICHHBIN
B BHJE PABEHCTBA (TeopeMa. B pesysibrare 6bu1a onucana dynknus GetComponentQuantity,
KOTOpasi PaCCYNTHIBACT YHUCJIO KOMIIOHCHT CBA3HOCTH CHJIBHBIX CY?KCHUN — OJHO U3 CJIaraeMbIX
paBEeHCTBAa TEOPEMBI, PACUET KOTOPOTO IMPEICTAB/IsIeT HANOOIBIITYIO0 CJI0XKHOCTL. Jlokasamna Kop-
PEKTHOCTH pabOTHI TOTO AJTOPUTMA, & TaKXKe HaliIeHa OIEHKA €ro CJI0KHOCTH.

Teopernteckast 3HAYUMOCTD PabOTHI 3AKII0UAETCS B BO3MOXKHOM HUCIIOJIB30BAHUU €€ Pe3yJib-
TATOB B U3YUYCHUU 33141 AIIOCTEPUOPHOIO BBIBOJA B aJredpaniecKnx 0aiieCOBCKUX CETHAX, UCCJIe-
JOBAHUU TPETUIHON CTPYKTYPBI KAK O0BEKTa, €IMHCTBEHHO JIOCTATOYHOTO JIjIs MPAKTHIECKOTrO
npuMeHeHnus ajredbpantdeckux OaitecoBckux cereil. [IpakTuyeckas 3HAYUMOCTH UCIOJIb30BAHUS
PE3YIBTATOB 3aK/II0YAETCS B MOTEHIIUAJBHOM YCKOPEHUU PabOTHI AJITOPUTMOB alOCTEPUOPHOTO
BBIBOJIA 38 CUYET YMEHBIIEHUs] KOJUIECTBA (DOPMUPYEMBIX OOBLEKTOB.

B nasnbreiineM miaHUPyeTCS aHAIN3 BPEMEHH PabOThI JIAHHBIX AJTOPUTMOB U CPABHEHUE
€ro co BpeMeHeM PabOThI JIPYTUX CXOXKUX 10 PEIIaeMbIM 3a/a4aM aJrOPUTMOB, KOTOPbIE HAIIPAB-

JIEHBI Ha ITPOBEPK UKJTAIHOCTH TakKe Ha TJIODAJBLHBIN alloCTePUOPHLINA BBIBOJI, H
e a MTpoBe a oc 30|, a Takke Ha TI00A. aIroCcTEPHO O, HO C

HCIIOJIb30BaHNEM BTOPUYIHBIX CTPYKTYD .

Paboma evinosnena 8 pamxar mpoexma no zocydapcmeennomy sadanwuro CIIE OUI] PAH

CIHIUNPAH Ne FFZF-2022-0003.
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In the theory of algebraic Bayesian networks, there are algorithms that allow to conduct a global posterior
inference using secondary structures. At the same time, building secondary structures implies the use of tertiary
structure. Consequently, the question about the separate application of the tertiary structure in the problem of a
posterior inference arises. This issue has been considered earlier, but only a general description of the algorithm has
been given, and only models with scalar estimates of the probability of truth have been taken into account. In this
paper, we present an algorithm that extends the aforementioned algorithm to the possibility of using it in the case
of interval estimates. In addition, an important property of an algebraic Bayesian network is acyclicality, and the
correctness of the above-mentioned algorithms is ensured only for acyclic networks. Therefore, it is also necessary
to be able to check the acyclicity of an algebraic Bayesian network using a tertiary structure. The description of
this algorithm is also presented in this paper, it is based on the previously proved theorem that relates the number
of knowledge pattern models in the network to the number of non-empty separators and the number of strong
restriction connectivity components in acyclic algebraic Bayesian network, as well as the theorem proved in this
paper that two knowledge pattern models belong to the same strong restriction connectivity component. For all
the developed algorithms, the correctness of their performance is proved, and their time complexity estimation is
calculated.

Keywords: algebraic Bayesian networks, knowledge pattern, logical and probabilistic inference, tertiary
structure, probabilistic graphical models, machine learning.
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WccnenoBanue n onmcanme CBONCTB aJrOPUTMOB KpaifHe BayKHO JJIst X 9DDEKTUBHON PEATN3aIiny Ha PA3Id-
HBIX TUIAX I[€JIEBBIX MPOrPAMMHO-AMAPATHBIX TIAT(MOPM. DTON aKTYaAJIBHOM 3a/1a9€e MOCBSIIEH TPOEKT CO3IAHMUST
OTKpbITOM SHIMKJIONEUU cBOMcTB aaropurMoB AlgoWiki, HadaTbsiii B MOCKOBCKOM IrOCYJapCTBEHHOM yHUBEPCH-
tere mmenu M.B. Jlomonocosa B 2014 roay. B pamkax mpoekTa ObLia IpeJIoKeHA eNHAs YHUBEPCAIbHAS CXeMa
OIMCAHNS CBONCTB aJITOPUTMOB, B KOTOPO# 0c060€ BHUMAHUE Y IEJISJIOCH CBOMCTBAaM, CBSI3AHHBIM C TTAPAJIIETU3MOM.
MHO>XKeCTBO OINUCAHHBIX 110 JIAHHON CXeMe aJI'OPUTMOB IIOCJIY?KUJIO OCHOBOIl OIMCAaHMsI CTPYKTYPBI IIPEIMETHO
06J1acTH B paMKax Mepapxudeckoii cxeMbl «3agada—Merog—Asropurm—Peanuzanusy. OgHako [ist JaJbHERIIEro
passuTus npoekta AlgoWiki morpe6oBasioch BBIIEIUTD PEAUBAIMN aJITOPUTMOB, PAHEE BKJIIOYEHHBIE B OIUCAHUS
CBOICTB aJI'OPUTMOB, B OTEJIHHYIO CYIIHOCTb. B JaHHOI CcTaTbhe M3JI02KEeHa CXeMa OIMCAHUs CBONCTB peasIn3aliiiil
aJICOPUTMOB, TaKXKe KaK U MOJUMUKAIUS U3HAYAJILHON CXeMbl OIIMCAHUS CBOMCTB caMux ajaroputrmosn. IIpeoGpa-
3oBanue onucanuit B surukiaoneauu AlgoWiki o manuol cxeme GbLIO BBINOJHEHO JJIsi BCEX CTPAHUIL IIPOEKTA,
M OHO IO3BOJISIET KaK 0oJiee Ka4eCTBEHHO OMKCHIBATHL CBOMCTBA peasu3alyii aJropuTMOB, TaK U MHTEIPUPOBATH
npoekT sunukioneaun AlgoWiki ¢ npoekrom Algo500, peasusyronmum macimrabupyeMmyo nudpoByio mwiardopmy
JI7IsT COBMECTHOTO aHAJIN3a CBOMCTB AJITOPUTMOB M KOMIBIOTEPHBIX apXUTEKTYD.

Karoueswie caosa: Algo500, Algo Wiki, sadawa, memod, arzopumm, peasudayus, CYnepromMnsomep, petimure.
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BBenenue

[IpoexT cozmannst OTKPBITOH SHIUKJIONE U CBOMCTB ajaroputMoB AlgoWiki CTapTOBAJI
B MockoBckom rocynapcrsentoMm yaubepcutere umenu M.B. Jlomonocosa B 2014 romy. Ero oc-
HOBHOIA T1€JIBIO OBLJIO CO3J[aHUE JIOCTYITHOM IJIAT(OPMBI JJIsl OMMMCAHUST CBOMCTB BBIYUC/IUTETHHBIX
ajaropuTMoB |3| cunamu GOpMUPYEMOTO BBIYUCIUTEILHOrO coobiectsa. Takast miardopma ¢ uc-
nosb30BanueM wiki-Texmosrornit 6b11a cosiana Ha 6ase apmkka MediaWiki [4], paspaboranmnoro
usHAYaabHO juig npoekta Wikipedia [5]. C mcnonmbsosanmeM JaHHBIX TEXHOJIOTHIT GBLT CO3MaH
caiiT sunukioneaun AlgoWiki [E]
Ha mepBoix sTanax cozmanus OTKPBITON SHITUKIONE NN ¢BOMcTB anropurMoB AlgoWiki 6611
peasin30BaH Psiji OCHOBHBIX PAa3/IeJIOB caiiTa:
e KjaccudUKaIysl aJrOPUTMOB — OCHOBHOI pasmes sHuukionequun AlgoWiki, B koTopoMm
YIOPSIJIOYUBAIOTCS BCE MMEIOIINECS B IIPOEKTE CTPAHUILBI OIIUCAHMI;
® CTPYKTypa OIMCAHUs CBOWCTB AJI'OPUTMOB — pa3paboTaHHas yHUBEPCAJbHAsS CXEMA, 110
KOTOPO# IIPEJJIAraeTcsi OIMUCHIBATD CBOMCTBA U CTPYKTYPY KaK/IOT'O BBIYUCIUTEIHLHOTO aJl-

TOpPUTMA;
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® DYKOBOJICTBA I10 3aIIOJIHEHUIO Pa3eJI0B OIMCAHUsI — ITOIIArOBble MHCTPYKIIUU IO 3AIT0JTHE-
HUIO Pa3/Ie/IOB OIUCAHUI aJrOPUTMOB;

® TOTOBHOCTH CTaTell — MEXaHW3M, BBIIAIOMIMI CIUCKHA CTaTell, pa3MEdYeHHBIX aBTOPAMU II0

npusHakaMm «Hauarwie crarsny, «Crarbu B paborey, «3aKOHUEHHBIE CTATHIY |

e ryIoccapuii — pasjest JJisi OMMMCAHNUS MUCIIOJIb3YEeMbBIX B IIPOEKTE TEPMUHOB;

® IIOMOIIbL — Pa3Jesl CO CIPABOYHBIMI MATEPUATIAMHE.

[enbio maHHONM pabOTHI ABISETCS pa3pabOTKa HOBOM CXeMBI OIMMCAHUSI CBOMCTB peaan3alinii
aJITOPUTMOB, OIMCAHHBIX B sHIIKIomeun AlgoWiki. Mcroib3oBanue mpegiaraeMoil cxeMbl 103~
BOJISIET 3aKOHYUTH PEAU3AIUI0 CTPYKTYPhI HEPAPXUIECKOrO IIPEJICTABICHUS IIPEIMETHON 001~
ctu. [Tomumo 3TOTO, BBIJIE/IEHNE PeaTU3aIUil aJIrOPUTMOB HEOOXOIUMO JIJIsi UX UCIIOJIL30BAHUS B
paMKax IpOeKTa cozjlanust MacmTabupyemoii mucposoit miardopmer Algo500 [7][8], B koTopoit
ocytecTBIisiercss naTerpanus suimkoneaun AlgoWiki ¢ uaesimu, ucmoib3yeMbIMUA B U3BECTHBIX
PERTHHIaX BBICOKOIIPOU3BOIUTEIbLHBIX BBIYUCIUTEILHBIX CHCTEM.

CraTbsi opranum3oBata, cjeayiomumM obpasom. B paS,ILeJIepaCCMOTpeHa paHee paspaboraH-
Has B paMkax sumukaoneaun AlgoWiki enynas yHuBepcajbHas CxeMa OIHUCAHMUSI CBOMCTB ajro-
purMmoB. B pa3ﬂeﬂeonncaH0 nepapxudecKoe IpeIcTaBIeHne IpeMeTHO 001acTh B BUIE TIETI0-
qek «3amaga—Meron—AsropurM—Peanzamyss. PaB,ZLeJIHOCBHHleH BBIIEJIEHUIO SIBHOT'O yPOBHS
peain3aly aJaropuTMoB B suIuKIoneaun AlgoWiki. B pa3ﬂenenpezmo>KeHa HOBasl CTPYKTypa
OTIMCAHWS BBIJIEJIEHHBIX Pean3aliuii aJropuTMOB. PaS,ILeHOHI/ICbIBaeT HaIPaBJICHUS PA3BUTHS
sunukoneaun AlgoWiki B pamkax npoexra Algo500. B 3akitoueHnn npuBoIuTCs KpaTKasl CBOI-

Ka Pe3yJIbTATOB, MOJIYIEHHBIX B PADOTE, U YKA3aHbI HAIIPABICHUS JAJIbHEHIIINX NUCC/IeI0BAHMIMA.

1. Cxema onmcaHHns CBOMCTB AJITOPUTMOB

N3znavyanbno 6bLIa MpeIoyKeHa €/IMHAsl YHUBEPCAJIbHAS CXeMa OMUCAHUsI CBONCTB aJrOpUT-
MOB, COCTOSBINAA U3 JIBYX dacTell. B mepByo 9acTh BXOJIMIN OMUCAHUS MAaITUHHO-HE3aBUCHMbIX
CBOMCTB aJrOPUTMOB, & BO BTOPYIO — CBOMCTBA, KOTOPBIE MOTYT Pa3INYIaThCA ITPU PEATUIAIII
HA Pa3JUYHBIX IIPOrPaAMMHO-AIAPATHBIX iaTdopmax. Ha puc. [1| mpuBejieHa Moy IuBITIAsICS
cxeMma, 1Mo KOTOPOH MpeJiarajaoch OMUCHIBATD BCE BBIYUCIUTETbHBIE aaropuTMbl B AlgoWiki.

Jannast cTpyKTypa Oblia UCHOJIB30BaHA JIJIS OIMUCAHUS OOJIBIIOrO KOJUYIECTBA AJITOPUTMOB
M3 caMbIX pasHbIXx obsacreit Hayku. OTAETbHBIN aKIEHT BO BCEX OMUCAHUSX JETACTCs Ha CBOM-
CTBaX, CBA3AHHBIX C HAPAJIJIETN3MOM. BblIN IIPEIJIOXKEHBI U MTUPOKO HCIIOIb30BAHBI TEXHOJIOTHH
OTIMCAHMS OTJEJbHBIX Pa3/e/IoB TAKUX onucanuii. B wacrtoocTu, /i nzobparkeHust HHPOPMAaII-
onHbIX rpacdos [9], sSBIAIOIIXCS OCHOBOI aHAIN3a MapasLIebHBIX CBOHCTB aJrOPUTMOB, B pas-
Jese onucanus 1.7 ObLIa KMCIOJb30BaHa pa3paboTaHHas CUCTEMa MHTEPAKTUBHON TpeXMepHO
BHU3yaJu3anmuy WHMOOpMAIMOHHbIX rpados AlgoView [12]. lanmas cucrema TO3BOJISIET
0TOOPa3UTh NaPaJeIbHYI0 CTPYKTYDPY aHAJU3UPYEMOI'O aJI'OPUTMa, OIEHUTH PECYPC IapaJjlie-
JIN3MA, MOIIAaroBO MMOCMOTPETD sIPYCHO-TIAPAJICIbHYI0 (DOPMY aJrOPUTMA, MOJIYIUTh HEKOTOPLIE
ero JYnCJeHHble XapakTepucTuku u T.j1. [Ipumep orobparkenusi nHGOPMAIMOHHOTO rpada mnpu

nomomu cucreMmbl AlgoView s anropurma XoJIeIKOro B paMKax sHuukjoneaun AlgoWiki

IpuBeJIeH Ha PHUC.
2. Hepapxmueckoe 1pe/cTaBjieHe IPeIMEeTHOI 00JacTu

Co BpeMeHeM YCUIMSAMU TPHUBJICUYEHHBIX HUccaeaoBaTeseit B OTKPBITON SHITUKIONEINN
cBoiicTB asropurmor AlgoWiki HakommiIoch GOJIBIIOE KOJUIECTBO CTPAHUI] ONMMCAHUI aJIrOPUT-

MOB B Pas3HOI cTeleHn roToBHOCTH. Ha MHOXKeCTBe ONUMCAaHUil aJropuTMOB TPeOOBAJIOCH BBIIOJI-
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Puc. 1. Crpykrypa onucanus CBOWCTB aJropuTMa

Puc. 2. adopmanmonnstit rpad aaropurma XoJIeIKoro

HUTH KaKOE-TO YIIOPAJOYINBaHUEC. ITouck CyIIeCTBYIOIIUX KﬂaCCI/ICI)I/IKaLLI/IfI BbIYUCJIUTE/IbHBIX aJI-

TOPUTMOB HE€ JlaJl CYIIECTBEHHBIX DPE3YyJ/IbTaTOB, IIO3TOMY B paMKaX IIPOCKTa CTaJii BO3HUKATb

II€epBbI€ BEPCUU KHaCCI/I(bI/IKaLH/II/I AJITOPUTMOB, B KOTOPBIX aBTOPbI Pa3HOCUJIM CBOU OIIMCaHUA II0

TeMaTHIeCKUM pa3jesaM U3 PasHbix obsiacreit Hayku. OIHAKO CTPYKTypa TaKON CTPAHUIIBI OCTa~

BaJlaCb HeOHpe,H,eJIeHHOI;'I, a OTHeCeHHe cTaTell K TeM UJIU WHBIM pa3jgesiaM OCTaBaJIOCh JJOCTATOYIHO

IIPOU3BOJILHBIM.
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JlocTaTOYHO OYEBHUIHO, YTO BBIYHCIUTEIbHBIE aJIPOPUTMbI HYXKHBI HE caMM 10 cebe, a JjIst
pelieHnst 3aa4, BO3SHUKAIOMMNX B PA3IMYHBIX 00/IaCTIX HAyKW U IIPOMBIILIEHHOCTH. B TO Ke
BpeMsI MHOT'HE TPaKTUYECKUEe 3a/a9l MOXKHO peIllaTh, IPUMEHSA pa3/IMIHble MeTObl. B cBOIO
odepenb, KaXKIblil U3 MEeTOI0B 00JIalaeT CBOUMM CBOMCTBAME, U B OIPEIEJIEHHBIX YCJIOBHUSIX MO-
2KeT OBITHb BBINOJHO MCIIOJb30BATH OIUH W3 HUX. TaKwWe YC/IOBHSA MOXKET OIPEIe/sTh IeIeBast
IporpaMMHO-aImapaTHas cpeaa. s peanmnsanun METOTOB MOTYT HCIOJIb30BATHCS T€ WJIM UHbBIE
AJITOPUTMBI, & TPOrPAMMUPOBAHNE AJTOPUTMOB € UCIIOJIb30BAHUEM TEXHOJIOTHN MapasieIbHOTO
MIPOrPAMMUPOBAHUSA IPUBOIUT K BOSHUKHOBEHUIO IMPOTPAMMHBIX PEAJIU3AIII, KOTOPBIE BBIIOJI-
HSIOTCS B OIEPAIMOHHON CpeJie 1eJIEBOTrO CYIIEPKOMITBIOTEPA.

Taxkum 006pazoM, MBI IOJIy9aeM MIHAPOKO H3BECTHYIO CXEMY OTOOPAXKEHWS BBIYHCIUTE/Ib-
HBIX 3a/1a9 Ha BBIYUC/IMTEIbHBIE CUCTEMBI, KOTOPYIO OBLIO PEIIeHO peajim30BaTh B pamMkax OT-
KpBITOI sHIMKIONeuu cBoiictB ajropurmor AlgoWiki. B sunumksonesuto ObLin 100aBJIEHBI
CTPAHUIIBI, OINMCHIBAIOIINE pelIaeMble 3aJa9d U HMCIOJIb3yeMble METOIbl, U BO3HUKJIO Hepap-
XMYECKOe IIPEJICTaBIeCHIEe IIPeIMETHOI obJjlacTh B BHJE IHenodek <«3ajada—Meroa—Aaropury—
Peanmzarusi» [15]. Ha puc. |3| mokazaHbl BOSMOMKHbIC COOTHOINICHHS MEKIy STHMH OIMCA-
HusMu. Tax, JUIs ONMCAHUS UCCJIEIYyeMOR 3aJladd MOTYT HUCIIOJIb30BAThCSI CTPAHUIIBI OIUCAHUHI
APYTHUX 33589, MOXKET OCYIIECTBJISTHCS BBIOOD METO/a €€ PelleHHs] WM K€ BhIOUPATHCS Cpasy
TOTOBBLIN ajropuT™M peausdaruu. Onucanus MeToma MOTYT 6a3MpPOBATHLCA Ha ONMUCAHUAX JIPYTUX
METO/IOB, MJIM YK€ JIJIsi HETO MOKEeT BBIONPATHCS aJrOPUTM peandamuu. JJist onrucanns aaropurMa
B KA4YECTBE COCTABHBIX JacTell MOT'YT HMCIIOJB30BATHCS JPYTHe aJTOPUTMBI, IOCE Ke (brukcarmun
AJTOPUTMHUIECKON CTOPOHBI U C yI€TOM OCOOEHHOCTEl IeIeBOil IPOrpaMMHO-aAITapaTHON I1aT-

OPMBI BBITIOTHSITCS IPOTPAMMHAST PeaTn3aIlHs.

Puc. 3. Bosmoxkuble cBsizu Ha crpanuie kiaccudukanun (3 — 3azada, M — meros,

A — agropurwm, P — peanuzanus)

st mojgeprKanust JaHHON HepapXudecKoil CTPYKTYPhI BBIIOJHEHO OTCTYILJIEHHE OT KOHIIEI-
mun wiki-pencrasiernst mHOpMAIIE — paboTa CO CTPAHUIEH KJIACCH(MUKAIINT AJITOPUTMOB
BeJIeTCsl Uepe3 CHCTeMy MeHIo, pa3paboTaHHbIX B pamkax mpoekta AlgoWiki [16]. TTocpenctsom
9THX MEHIO aBTOPU30BAHHBIN II0JIB30BATEIb MOYKET JI00aBJISITh B KJIACCU(MUKAIIUIO aJITOPUTMOB
HOBBIE€ CTPAHUIIBI, COOTBETCTBYIOIME 3a/[a9aM, METO/IaM, aJllOPUTMaM U peau3aldsaM, IIpUIep-
JKABasIChb OrpaHUYeHUll, IIPUBEICHHBIX Ha pI/IC. [Tpu sToM paboTa ¢ caMUMU ONTUCAHUSIME 33,1a4,
METO/IOB, &JITOPUTMOB U PEaJIU3aIuil MO-IIPEeKHEMY BEJIEeTCsI B paMKax wiki-KOHIenum, 9To mo3-

BOJISIET MOJIEPKUBATH KOJIJICKTUBHYIO Pa3pabOTKy CHJIAMU BBIYUCIUTEILHOTO COOOIIECTBA.

3. BI)I,ZLe.TIeHI/Ie ABHOT'O YPOBH4A peaJin3alvu aJITOPpUTMOB

OrnucanHasi uepapxuydeckasi CXeMa, OIMCAHUs IPEIMETHON 00JIACTH XOPOIIO COYeTaIaCh C
PE/IIOZKEHHOl paHee cXeMOIl OIMCaHUsT CBOMCTB aJaropuTMoB (puc.|l) 3a OXHIM HCKITIOUCHUEM:
YPOBEHD PeaSIN3alUN AJITOPUTMOB He OBbLI BbIJIEJIEH SIBHO, 8 OCTABAJICS YaCThIO OIIMCAHUS COOTBET-

CTBYIOIIIEI'O aJIrOPUTMa. HOJIy‘I&JIOCb, 9TO MHOZKECTBO Pa3JINIHBIX pea,JII/IS&HI/Iﬁ OJHOI'O aJITOPpHUT-
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Ma (3a9aCTYIO TIPeIHABHAYEHHBIX JIJIs PA3JINIHBIX TPOTPAMMHO-ANIIAPATHBIX T1AT(HOPM) OIMHCHI-
BaJIOCh B PaMKax OJHOIO pasjea. uHaMudeckrne XapakKTepUCTUKK U3 BTOPOil YacTh ONUCAHKS
AJITOPHATMA, (moxkanbHOCTL [18], MacmTabupyemMocTh U JIpyTHe) CYMIECTBEHHO OTIHYIAI0T-
csl TSI KazKJIo# peasims3aliui, MO9TOMY JOJKHBI OIMCHIBATHCS Pa3/eIbHO. Bee 970 MPUBOAMIO
K KpaiiHeil IeperpyKeHHOCTH OINMCAHUIl aJIFOPUTMOB, OCOOEHHO TeX, y KOTOPBIX OMUCHIBAJIOCH
60JIBIIIOE KOJIMIECTBO PA3JINIHBIX Peasn3aliiii (sl HEKOTOPBIX AJITOPUTMOB aBTOPBI [IPUBOJUIIN
JIECATKY PA3HBIX peau3aruii).

[TosTomy majiee B paMKax paboOT IO MPOEKTY OBLIO PEIIeHO IIPOBECTU BbIICJICHUE OIMMCAHUIM
peaM3anun aaropuTMOB B OTIENbHYIO CyIIHOCTD. [Ij1st 3TOr0 Obl1a n3MeHeHa BTopas 4acTh OIU-
caHuil aJITOPUTMOB, U3 KOTOPO#l yOpaJju Bce, YTO OTHOCUTCS HEe K aJTOPUTMY KaK TaKOBOMY, a K
KOHKPETHBIM €r'0 peaJin3aliudaM. HOHy‘{I/IBLHaﬂCﬂ IIOCJIE 9TOI'0 CTPYKTYpa BTOpOﬁ JaCTHU OIlICaHUuA

CBOICTB AJITOPUTMOB IIpUBE/ICHa Ha PUC.

2 [lporpaMMHas peanmsalus ajirOpHTMa
2.1 OcoberHOCTM pealu3anuy IOCIeLOBATeIbHOTO alrOpUTMa
2.2 BosMOXHHeE CIOCO6H M 0COGEHHOCTH NapallIeNbHON peanm3alyuy ajiropuTMa
2.3 PesynbTaTh IPOTOHOB

2.4 BuBOIH O/ KIACCOB apXUTEKTYP

Puc. 4. HoBasi cTpyKTypa BTOPOil 9acTu ONUCAHUS CBOMCTB aJIrOPUTMa,

Paznenwr 2.1, 2.2 u 2.4 ocTajauch BO BTOPOil 9acTU ONUCAHUS CBOUCTB aJITOPUTMA, TOCKOJIbKY
B HUX CYMMUPYIOTCS BBIBOJIBI [0 PA3JIMYHBIM [IPOIPAMMHBIM peaJin3aliusaM. Kpome Toro, B omnu-
caHnne ObLI j106aBJIeH pa3jiest 2.3, B KOTOPOM TaKXKe CYMMHUPYIOTCS JaHHBIE C PE3Y/IbTATOB IIPO-
TOHOB PAa3J/IMYHBbIX peaju3alldil JIJAHHOIO aJI'OPUTMa Ha Pa3JIMYHBIX IPOrPAMMHO-ANNapaTHBIX

wiardopMax (3TO Jles1aeTcsi B paMKaxX peau3alii poeKTa cos3janus mudpoBoil miardopMbl

Algo500 [7][8]).
4. OnmcaHue CBOICTB peajin3aliid aJITOPUTMAa

Teneps B pamkax OTKpBITON SHIUKJIONEeAUH CBOicTE ajropurmo AlgoWiki mist kaxkmoit
peamsanuu KakJ0ro aJirOpUTMa IIPeJIaraeTcsl BhIAEIATh OTAEJIbHYIO0 CTPAHUILY, HA KOTOPOl

OIHUCBLIBAIOTCS €e OCHOBHBIE cBoicTBa. lIpesjioxkenHast CTPyKTypa ONUCAHUS TAKOH CTPAHUITHI

IIPUBE/ICHA, Ha, PUC.

1 Ccukm
2 JloKalTbHOCTDL NAHHHX ¥ BHYHCIICHHUH
2.1 JloxkanbHOCTh pealu3aluK ajrOpuTMa
2.1.1 CrpykTypa ofpameHuil B IaMaTh ¥ KadeCTBEHHAd OIl€HKA JOKaIbHOCTH
2.1.2 KonuyecTBeHHAsd OIIeHKA JIOKAJIbHOCTH
3 MacmTabumpyeMOCTh alropuTMa X €ro peanu3alun
3.1 MacmTabrpyeMOCTh alrOpUTMa
3.2 MacmTabupyeMOCTh peanu3aluy ajlropuTMa

4 [uHaMUYeCKHE XapaKTEePUCTUKE X 3DOeKTHBHOCTDL pealu3alluy alrOpUTMa

5 PesynpTaTh IPOTOHOB

Puc. 5. CrpykTypa OmmncaHust CBOWCTB PEATU3AINHN AJITOPUTMA
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B pasznene 1 onmcanus peaju3aliy aJIOPUTMa IPUBOAATCSA CCHIIKHU, HO3BOJIAIONINE HANTH
JAHHYIO peaju3amnuio u nHdopMammio o Heil. Pazgenbl 2—4 mepeHeceHbl CIOJa CO CTPAHMUIL OIIH-
CAHHUI CBOMCTB aJI'OPUTMOB, ITOCKOJILKY copepzKaT (PaKTUIECKH OIMCAHUS CBONCTB KOHKPETHBIX
peamzanuii. Takzke m00aBIIsT€TCA HOBBIN pa3iaes b, B KOTOPOM IIPUBOISTCS PE3YILTATHI IIPOTOHOB
JIAHHO} POrPAMMHON PEATH3AIlNN Ha PA3INIHBIX IPOrPAMMHO-AMNAPATHBIX IaTdopmax (310
JlelaeTcsl B paMKaX peam3allid MpoeKTa cosjanus mudposoit mmardopmer Algo500 [7][8]). B
9TOM pasjejie CINTHIBAIOTCs JHaHHbIe u3 0a3bl mpoekTa Algo500 1 oTobparkaloTcst B BUE TAOJIUIL
I TPadUKOB.

B urore Bce peanuzanun Bcex ONMUCAHHBIX AJITOPUTMOB U3 OTKPBITOI SHIIUKJIOIE M CBOHCTE
asroput™MoB AlgoWiki ObLIM BBIJIEIEHBI B OTJIE/IbHBIE CTPAHUIIBI C OMUCAHUEM IO CXEMe, MpH-
BEJIEHHOI Ha pUC. DTO TO3BOJIUIO 3aBEPIINUTH IIPOIECC OIMUCAHUS CTPYKTYPBI IPEIMETHOMN
objtactu B Buje nenodek «3agada—Merop—Aaropurm—Peanmzarusy. OparMeHT MOy IUBIIEHCs
crpaHuIsl «Kiaccudukanmst aJilropuT™MOB» TPUBEJIEH HA PHUC. |§|

1.4 PaznokeHHd MaTpHL
14.1. B 3amaua pasnoKeHHT MATPHIT
142 a TpeyroIbHbIE Pa3TOKeHH
1.4.2.1. [:] MeTon Maycca (Haxoxaenne LU-panomeHns)
1.[[) LU-pasnoxeHue METOOM Maycea Ge3 NepecTaHoBoK
1. [} KomnakTHan cxema MeToaa Faycca u eé MoaMduKaLm

OO0 ©

1.[:] KomnakTHaa cxema meToda Maycca AnA TPEXANaroHansHOM MaTpuLbl M €€ MoandHKaLn
1. [ NocneaoBaTensHo-NapannensHeli aNfOpUTM ANA LU-pasnoKesus TPEXINATOHANEHOM MaTPHLIbI
2. (@ KomnakTHas cxema MeTona Faycea AnA TPEXINATOHANBHOR MATPHLL!, NOCNeA0BaTENbHLI BAPHAHT
3. (@ AnropuTM caBaHBaHMA CTOYHA ANA LU-DA3NOKEHNA TPEXAMATOHANEHOM MaTPHLI!
2. KOMMaKTHaA cXeMa MeToda Maycca AnA MNoTHOW MaTphLibl
2. B LU-pasno#eHne meTogom Maycca
1. (@ LU decomposition via Gaussian elimination, locality
2. ﬂ LU decomposition via Gaussian elimination, scalability
2.[[) LU-pasnoxeHne METOLOM MaYCea ¢ NEPECTAHOBKAMM
1. [ LU-pasnokeHne METOAOM aycca ¢ BeIGOPOM BEAYLLETD INEMEHTA MO CTONGLY

©

2. B LU-pasno#eHne meTogom Maycca ¢ Boi00poM BEOYLLEND 3NEMEHTA N0 CTPOKE

3. (@) LU-pasnoxeHue MeTOAOM FayCca ¢ BHIGOPOM BEAYILETO INEMEHTA N0 MABHOM JUAroHaNM

4. B LU-pa3noxenne MeTogom Maycca ¢ BeIDOpOM BeAyLUEro aneMeHTa No BCed maTpuue
1.4.2.2. [) MeTo XONELKoro (HaXOKAEHHE CHMMETPHYHOTO TPEYTONBHOTO PANOKEHHS)

1. () PasnoxeHne XOoNewLKoro (METO/] KBAAPATHOND KOPHS)

I.B Cholesky decompaosition, locality

2. [@ Cholesky decomposition, SCALAPACK

3. E Cholesky decomposition, scalability

143, B VHHTapHO-TPEYTONEHEIE DAZN0KEHRA

>

1.4.3.1. QR-pasnoxeHns NNOTHLIX HEOCOGEHHEIX MATPKLY
1.C] MeToa MeeHca (BpaleHnin) QR-pasnokeHna MaTpuubl
1. (@ MeTon MMBeHCa (BpallEHHil) QR-PANOKEHN KBAJPATHON MATPUL! (BEILECTBEHHLIA TOYEUHLIH BAPHAHT)
1. [@ Givens method, locality
2.[[) MeToa Xaycxonnepa (oTpaKkeHWi) QR-paINOKEHMA MATPHLIE!
1. [ MeTon Xaycxonaepa (OTpaKeHuil) QR-pasNoKeHUA KBAAPATHOM MATPHLIEI, BELECTBEHHBIR TOUSUHBIR BAPHAHT
1.“ Householder (reflections) method for the QR decomposition, locality
2. [ Householder (reflections) method for the QR decomposition, SCALAPACK
S.C] MeToq opToroHanu3auumn
1. @ Knaccuyecknit METO OPTOTOHANM3ALIMM
2. [ MeToa 0pTOrOHaNK3aLMM C MEPEOPTOrOHANMIALMEN

© ©© o00e

4.C] MeToq TPeYronbHOIo pasnokeHna MaTpuUbl Mpama

Puc. 6. OparmenT crpanunbl «Kinaccuduxarms ajiropurMoBs

Tak, Ha puc. @MO}KHO OTCJIEIUTD IENOYKY OIMMCAHUN IJIsT aJropuTMa XOJIEIKOoro, HHQOp-
MAaIMOHHBIN rpad KoToporo ObLT IpuBesieH Ha puc.|2| B pasgene «Pazmoxenns marpury (s
KOTOPOI'O TEKCT [OKA He HAIMCAH, YTO BIIOJIHE HOPMAJIBHO JJIs JKUBOIO Wiki-IIpoeKTa) BbljiesieHa
oTHebHas 3a1a9a « T peyrojibHbIe pa3/IOXKEeHUsT», B KOTOPO MOJAPOOHO omucaHa crpaHuma «Me-
Toz;, Xostenkoro (HaxoXKJIeHHe CHUMMETPUYHOIO TPEYroJbHOIO pasiioxkKeHus )». Jljisi yKa3aHHOTO

MeTOJIa OIMCAH aJIropuTM peasusanun «Passoxenne Xoierkoro (Mero/| KBaJpaTHOTO KOPHS)»,
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a JJIsi Hero OT/AEJIbHBIMU CTPaHHUIAMK IIPUBOAATCI TPHU PeaU3allii: II0cC/eloBaTeIbHasl pea-
JIN3AIMs], UCIIOIb30BAHHAS JIJIsI U3yYeHHs] JIOKAJbHOCTH JaHHBIX, lapasulebHas peaau3alus U3
nakera SCALAPACK 6ubsmmorekn Intel MKL (merox pdpotrf), ncnosbzoBannas st ucciemno-
BaHUs INHAMUYECKUX XapAKTEPUCTUK U 9P PEKTUBHOCTH PEAJTM3AIINI aJITOPUTMa, 1 HAIIICAHHAS
OJIHUM U3 aBTOPOB IapaJlle/ibHasl peaan3annst Ha si3bike CH, HCIOJIB30BaHHAS JJIsI MCCJIETOBAHMS
MacIITabUpyeMOCTH PeaIN3ali AJIrOpUT™Ma. Bee sTu Tpr peanzamnum CymecTBeHHO OTINIA0T-
Cca n 06‘7[&/1&}0'1‘ Pa3IMIHbIMUA CBOI‘/’ICTBaMI/I7 HOSTOI\Iy OIIMCaHudA X B paMKaX O,Z[HOfI CTpaHHUIIbI
OBIJIO He BIIOJIHE KOPPEKTHO. KpoMe TOro, mocjie BbIAEIEHNS OTAETBHBIX CTPAHUIT PEATH3AINi TX
MOXKHO WCIIOJIb30BaTh B paMKax mpoekta Algob00.

ITomobHOE TpeobpazoBaHme CTPAHUIBI KJIACCHMDUKAIINN AJTOPUTMOB OBLIO BBIITOJHEHO JIJIST

ABHOI'O BbI,ZLeJIeHI/Iﬁ olMCcaHuil Bcex peaJII/IBaL[I/Iﬁ BCeX aJITOPUTMOB, OIIMCAaHHBIX B IIPOEKTE.

5. IIpoekTt Algo500

B nacrostiiee BpeMst B paMKax MPOEKTa PeATN3yeTcsT MaclrabupyeMast i poBast miaTgop-
ma Algo500 [7][8], xoropas obecnieanaer cirepyone ocHOBHbIE (BDYHKITHN:
e 00benMHeHNe JAHHBIX O JTIOOBIX aJTOPUTMAX M APXUTEKTYPaX KOMIBIOTEPOB;
® TIO/XOJ C €INHBIX TIO3UIHI K aHAIN3Y CBOUCTB JIIOOOTO AJITOPUTMA, TIPUMEHUTETHLHO K 0CO-
OEHHOCTSAM JIIO00H apXUTEKTYPHhI;
® BO3MOXKHOCTH BbBIYUC/IUTEJIbHOMY COO6H.L€CTBy JAOIOJIHATL U YTOYHATDH 6a3y aJI'OPUTMOB,
nx peaﬂHSaHHﬁ, BHOCUTDL JTaHHDbIC 06 X BBIIIOJIHECHUHN Ha Pa3JIMYHbIX BbBIYUCJIUTEJIbHBIX
cucTeMax;
e (hopMHUpOBaHUE IO 3AIPOCY TPOUBBOJIbHBIX WHINBULYAJTbHBIX PEHTHHIOBBIX CIIMCKOB.
B pamkax mpoekta Algo500 mpon3BOIUTCS WHTErPAIMS YeThIPEX OCHOBHBIX ITPOIPAMMHBIX
KOMIIOHEHT"

OTKpbITast SHIUKJIONE U CBOWCTE ajropurmoB AlgoWiki.

N

Baza onucanuit kommborepHbix cucteM CompZoo.

w

Penosuropuit mcxoHbix Koj0B u pesysabraTos 3amyckos PerfData.

-

Cucrema nocTpoeHusi HacTpanBaeMmbix peiitunros Ratinglists.

N3 sunukioneaun AlgoWiki MOXKHO MOIydUTh JOCTYI K JIIOOBIM 3aJadaM, METOIAM, ajro-
purMaMm u ux peanuzaiusM. [Ipu sTom, 3aduKkcrupoBaB HyKHBII YPOBEHb, MOXKHO J€JIaTh BHIOOD-
KU JIAHHBIX U3 JIPYTUX KOMIIOHEHT IIPOEKTA, BKJIIOYAIoNnue nHMOPMAIUIO JIJIs JJAHHOI'O YPOBHS U
BCEX IOC/Ie0BATE el B MEPAPXUIECKOM IIPE/ICTABICHUN IPEIMETHON 001acTH.

B 6a3y marabsix CompZo00 3aHOCATCST CTPYKTYPUPOBAHHBIE OIIUCAHUSI ADXUTEKTYD CyHEPKOM-
IIBIOTEPOB, Ha KOTOPBIX ITPOBOJAATCA IKCIIEPUMEHTDI, C YKa3aHUEM UX XapPaKTEPUCTUK, OKa3bIBa-
IOIMNUX HamboJIee CYIECTBEHHOE BJIMSHUE HA BPEMs BBIIIOJTHEHUs, IPOU3BOIUTEILHOCTD, Y deK-
THUBHOCTDL U JIpyrue JUHaMUIYIeCKNe XapaKTEePUCTUKU. I[aﬂee MO2KHO J1eJIaTh B]:>I60pKI/I JaHHBIX M3
APYTUX KOMIOHEHT ITPOEKTA, BKJIIOUAIOINTNE HH(MOPMAITUIO JJIsi CYIIEPKOMITBIOTEPOB C OIIPEIe/ICH-
HBIMU TI0JIb30BATEJISIM XapaKTEPUCTUKAMU.

B kommonenty PerfData 3anocsTcst mporpaMMHBIE peau3aliui ajJroOpuTMOB, KOH(MUTY PAIU-
oHHbIe (DAl JJIsT KOHKPETHBIX BBIUYUC/IUTEBHBIX CUCTEM, CBEJEHUS O UCIOJIHL30BAHHON COBO-
KYIIHOCTH BLIYUCJUTEILHBIX Y3JI0B CyNEPKOMIBIOTEpA, MaHHBIE O BXOMHBIX IapaMeTpax W IO-
JIYYEHHBIX Pe3yJibTaTrax IPOrOHa KOHKPETHON MporpaMMHON peasu3aruu. [lajiee mob30Baresb
MOXKET JIeJIaTh BBIOOPKH JIAHHBIX U3 JIDYTUX KOMIIOHEHT IIPOEKTa, BKJIOYAIONe MH(MOPMAIIUIO

JJId IIPOTOHOB C OIIPEAEJICHHBIMU IIapaMeTpaMU UJIN IIOJIYyIY€eHHBIMHU pe3yJIbTaTaMu.
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B kagecTBe 0IHOTO M3 OCHOBHBIX pe3ysbTaToB Indgposas miaardgopma Algo500 moszsosser
B pamkax KoMroHeHTbl Ratinglists ctpouTh pefiTuHrOBBIE CIIUCKHU 10 JIIOOBIM OITUCAHHBIM
peanusarusaM 066X agaroputmoB u3 sumukiaoneaun AlgoWiki. Takas cucrema peiTWHTOB He
TOJIBKO BKJIIOYAET B cebsl caMble U3BECTHBIE pefiTuHru B ganHoit obmactu (Top500 Ha OCHOBE
tecta Linpack [22], Graph500 [23][24], HPCG U JIPyTHe), HO U MO3BOJISET IIOCTPOUTH MOJI-
HOIIEHHYIO CUCTEMY PEHTHHIOB € OOJIBITUMU BO3ZMOXKHOCTSMH 110 IIPEJICTABIECHUIO NH(MOPMAIIHH,

IIOCTPOEHUIO PA3JIMNIHBIX BbI60pOK " IIOJIYy9YE€HUIO aHAJIUTUICCKUX OII€HOK.

SaKJ/II0oueHue

B nanHO# cTarThe onmcaHo pasBuTHE MpOeKTa co3fanns OTKPBITON SHIUKJIONEINNA CBOHCTB
asroputMoB AlgoWiki. OuepeHBIM BayKHBIM IANOM B BBITIOJTHEHUN JAHHOTO MPOEKTa SBUJIOCH
BBIJIEJIEHUE sIBHOT'O YPOBHsI peaju3aluil aaropuTmMoB. bbiia mpeiozkeHa CTPYKTypa OINUCAHUS
peasin3aIuii aJirTOPUTMOB, a TAK2Ke MOJIMMUKAIIN CTPYKTYPbI OIUCAHUs camMuX ajaroputmos. Co-
[JIACHO 3TUM CTPYKTypPaM ObLIO BLIIIOJIHEHO IPe00PA30BAHKE BCEX OIMCAHUI AJITOPUTMOB B paM-
kax sunukaoneaun AlgoWiki u coorBeTcTByIONIIM 06pa3oM MOAUMPUITUPOBAHA CTPAHUIA KJIAC-
cuduKaI aJTOPUTMOB. DTO MO3BOJIMJIO 3ABEPIIATDH CO3/IAHNIE UEPAPXUIECKOTO MIPEJICTABICHIS
LpEeJIMETHOI 001acTu B BUJAE Ienodek «3agada—Meroa—Anropury—Peanuzamnus».

JlasibHeHIIMM pa3sBUTHEM IIPOEKTA SIBJISIETCSI €r0 TOJHOIEHHAsT MHTErPaIlisl ¢ MEXAHU3MaMU,
pa3paboTaHHBIMK B paMKax peajin3aluu Macimrabupyemoit nudposoit mrardgopmbr Algo500, uro
[PEJIOCTAB/ISIET BO3MOXKHOCTH COBMECTHOI'O aHajm3a cTpaHul] suiuKaoneun AlgoWiki ¢ omnu-
CAHUSIMHA TTPOTPAMMHO-AIIAPATHBIX IJIAT(OPM, UCIOJIB3YEMbBIX JIJIs BBICOKOIPOU3BOIUTETHHBIX

BBIYUCJIEHUIA.

Pesyavmamor noayuenv, 6 Mockosckom 2ocydapemeennom yrusepcumeme umenu M.B. Jlo-
MOHOCO8a NPU Punarcosot noddepocke PHD (dozosop Ne 20-11-20194). Paboma svinoanena ¢
UCNONDB308aHUEM 000pYydosarus LleHMmpPa KOANECKMUBHO20 NOAB30BAHUA CEEPTEVLCOKONPOUIBOIU-
MeALHOLMU Gviucisumenviolmy pecypcamu MIY umenu M.B. Jlomonocosa [27].
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The study and description of the algorithm properties is extremely important for their effective
implementation on various types of target software and hardware platforms. This topical task is the subject
of a project to create an AlgoWiki Open encyclopedia of parallel algorithmic features, launched at Lomonosov
Moscow State University in 2014. Within the framework of the project, a unified universal scheme for describing
the algorithm properties was proposed, in which special attention to the properties associated with parallelism was
paid. The set of algorithms described according to this scheme served as the basis for describing the structure of
the subject area within the framework of the “Problem—Method—Algorithm—Implementation” hierarchical scheme.
However, for the further development of the AlgoWiki project, it was necessary to separate the implementations
of the algorithms that were previously included in the descriptions of the properties of the algorithms. This paper
presents a scheme for describing the properties of algorithm implementations, as well as a modification of the
original scheme for describing the properties of the algorithms themselves. The transformation of descriptions in
the AlgoWiki encyclopedia according to this scheme was performed for all pages of the project, and it allows
not only to better describe the properties of algorithm implementations, but also to integrate the AlgoWiki
encyclopedia project with the Algo500 project, which implements a scalable digital platform for joint analysis of
the properties of algorithms and computer architectures.
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